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Part one 
Introductory and historical 
The purpose of this study is to determine the relationshmps 
which exist between the amounts of substances excreted by the 
kidney and the concentration of these substances iu the blood 
stream. Furthermore, it is desired to show to what extent such 
relationships serve as indices of the functional status of the 
kidney~ 
This is by no means a new field of investigation. During 
the last twenty years numerous workers have published results of 
experiments along these lines and various conclusions have been 
d~awn. Before presenting our own data and conclusions we offer 
a brief review of the work of the more outstanding investigators. 
The pioneer work .' in this field was done by Ambard* and his 
Ambard and Papin, Arch.Internat.de Physiol., 8,437,(1909) 
Ambard, Jour.de Physiol.et Path., 12,209(1910) 
Ambard and Weill, ibid., 14,753,(1912) 
Ambard, Physiologie Normale et Pathologique des Reins, 
lst edi tion·,-.1914: 2nd ed.i tion, 1920 
co-worlcers in France. The prominent feature of this work was the 
formul ation of the three laws of kidney secretion which bear 
Ambard's name. Since these laws form the basis of much of the 
later work, we shall consider them here at some length. 
The first law of Ambard states that "When the kidney is 
secreting urea at a constant concentration, the output varies 
directly as the square of the concentration of urea in the blood." 
Using a single subject, and regulatiUg water intake so that the 
concentration of urea in the urine was fairly constant, Ambard 
I . 
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obtained a series of figttres on urea output and blood concentration 
which approximated this "law" quite closely. Each of these 
generalizations was given mathematical form, that for the first 
law being 
Ur = grams urea per liter blood plasma 
D = grams urea per 24 hours 
K = .07 
The value D, although expressed in terms of a time period of 24 
hours, was actually determined over a much shorter period, from 
one-half to two hours; it is an expression of the rate of urea 
excretion, grams per unit time. 
The second. law of Ambard states that "When, with a constant 
concentration of urea in the blood, the subject excretes urea at 
variable concentrations, the output of urea is inversely proportional 
to the square root of the concentration of urea in the urine." With 
two different subjects, Ambard obtained figures bearing out this 
st~tement. Assuming Ur to remain constant and expressing by C the 
the grams urea per liter urine we have 
D '(2 
;D' =: vc 
By combining this with the mathematical statement of the 
first law we get the combined expression(Ambard's formula) which 
is extensively -used on the continent for the evaluation of kidney 
function. The third law is stated as follows;"When all three 
factors, blood urea, output, and concentration vary, the output 
of urea varies in direct proportion to the square of the blood 
urea, and inversely proportionally to the square root of the 
concentration ofm urea in the urine." 
In mathematical form 
::: K 
vr-]:)-. -~-ct.-
ll.t5 
Ur grams urea per liter blood plasma · 
D grams urea excreted per 24 hours 
C grams urea per liter urine 
25 standard concentration of urea in urine 
K = .01 ~ .01 in normals 
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A further addition to the formula makes a correction for body 
weight, 70 kilos being taken as a standard, to which all other 
values are referred. This makes the final form of the combined 
formula 
where P is the weight in kilos. Here again, the normal range of 
the coefficient is from .06 to .08, although various temporary 
conditions, e.g. diminished water intake, may cause a high 
coefficient in normal individuals. A persistent high value was 
held to be indicative of impaired renal fUnction. 
In considering this work, it should be kept in mind that 
the analytical methods used by the French at this time were of a 
low order of accuracy. For both blood and urine urea determinations 
hypobromite methods were used, with corrections for ammonia by the 
Ronchese-Malfatti formalin titration method. Rather high values for 
blood ammonia were obtained. In one experiment, for example, the 
ammonia in the blood was found to be .042 grams per liter. The 
1_0~0.. Q 
urine output was at the rate of cc. per 24 hours, and the 
concentration of ammonia in the urine was .98 grams per liter. 
Assuming a standard concentration of ammonia in the urine of 7.5 
grams per liter(calculated as being isotonic with the standard urea 
concentration of 25 grams per liter) an ammonia secretory constant 
was calculated with a numerical value identical with that previously 
4 $ 
obtained for urea • 
. O'l-2.. 
K-, 07 
That this identity is entirely fallacious has been shown by the 
recent work of Nash and Benedict*, who have demonstrated that the 
Nash and Benedict, Jour. Biol. Chern., 48,463,(1921) 
51,183,(1921) 
amounts of ammonia in the blood are of the order of .003 grams per 
liter or less. The high results obtained by the older investigators 
may be ascribed to a combination of undeveloped technique and changes 
in the blood on standing. 
On the basis of this false conclusion, Ambard proceeded with 
further studies of the ~--~excretion of sulfate, iodide, methylene blue 
a~d phenolsulfonphthalein and demonstated by comparison of rates 
of e«cretion wit~ blood levels that all these substances had the 
same secretory constant. These obviously artifactual results may 
again be attributed to crudity of analytical methods. The determin-
ation of each and every one of these substamces in the blood is a 
matter of nice analytical procedure; when we take into consideration 
the general lack of deveiopment of the biochemical analytical 
methods at that time, it is easy to see that experimental er r ors 
were unavoidable. 
From this observation that all substances so far mentioned 
had the same secretory cpefficient, Ambard drew the generalization 
that" All non-threshold substances have the same secreto~y constant." 
By non-threshold sub s tances, Ambard meant any substance 
which continued to be excreted by the kidney a s long as it was 
present in the blood stream a t all. Other urinary cons t ituents 
were considered as threshold substances, that is to say , that below 
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a definite anQ fairly constant blood level, specific for each 
each substance, they failed to be excreted by the kidney. Urea and 
sulfate were considered by Ambard as typical non-threshold substances 
which followed his law of secretion in its original form. Glucose 
and chloride were threshold substances. Glucose, having a threshold 
much higher than any normal blood level, was therefore not a 
normal constituent of the urine. In the case of chloride, the 
threshold was lower relative to the blood concentration, and as 
a result chloride was excreted. In order to apply his laws of 
excretion to threshold substances, Ambard substituted for the Ur 
of the original combined formula the quantity E (excess over the 
threshold} and assumed that the rate of output would be determined 
by this quantity, rather than by the total amount in the blood, as 
in the case of the non-threshold substances. Thus for chloride 
or glucose the formula would be 
-:-::====£===- :::: '" V-n. 7(). tiC. 
cl-/w-
\0 
E = excess over the threshold 
·D = grams output per 24 hours 
W = body weight in kilos 
C =grams per liter urine 
C'= standard urine concentration isotonic with the 
standard urea concentration of 25 grams per liter. 
In considering Ambard's use of the terms threshold and non-threshold 
substances, we must remember that they are used by him in a sense 
somewhat different from our present conception of a threshold. 
To him, tge threshold was a definite entity, comparable to the 
height of a dam. It was variable within limits, but in all cases 
its height determined quantitatively the amount and rate of excretion 
for a given blood level. Even for glucose, he believed that he had 
demonstrated a definite threshold and that the excretion of 
glucose by diabetics was conditioned by the height of this 
hypothetical dam. By the use of phloridzin in dogs, he had 
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"annulled the threshold" and under thes·e conditions he found that 
the rate of excretion of glucose followed the original formula as 
proposed for non-threshold substances. 
In the first edition of his book, Ambard included a large 
number of chloride studies, which he offers as further support of 
his formula for the excretion of threshold substances. In the seqond 
edition this work is missing and he frankly admits that the matter 
of the excretion of electrolytes is a more complex problem than can 
be settled by the use of the excretory coefficient. He now limits 
himself to a simple calculatiop of the threshold, which he has 
found to be quite variable, even in individuals. This work has been 
continued by McLean. 
Before leaving our review of Ambard's work, it may be well 
to note the reception accorded to it by European clinicians. In 
France it seems to have been fairly generally accepted as a means 
of evaluating kidney function. No reports f rom clinical men 
finding fault with it appear in the literature. From the mathemat-
ical vi ev7point, however, it was attacked by Chaussin* , who first 
Chaussin, Compt. rend. Soc. Biol., 28, 892,(1921) 
called attention to the possibility of the "constancy" of the 
"constant" being a result of the mathematical arrangeqtent of the 
formula, rather than of its being in accordance with any law of 
excretion. Examination of the f ormula shows that the least variable 
factor, the blood urea, is taken with the exponent unity. T~e 
exponent of the more variable factor, urea output, is one half, 
while the most variable factor, urea concentration in the urine, is 
put in as a fourth root. This tends to put the result of the 
expression in the form of a constant regardless of the arrangement 
of the formula. In spite of this, however, the "constant" varies 
up to 40% in normals. 
From Vienna, Bauer* ahd his co-workers published 
Bauer and Habetin, z. fur Urol., 8,353(1914) 
@5Bauer and von Nyiri, ibid., ( 9,81,(1915) 
reports manifesting unrestrained approval of the Ambard 
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formula as a means of diagnosis in nephritic conditions. 
Between them and Lublin* in Germany a discussion arose over 
Lublin, Biochem.Zeitschr. , 125, 187. 
this q_uestion, resulting in numerous papers of polemic 
interest only. Lublin's chief criticisms were the wid.e 
variations found and the arbitrary nature of the standards of 
bo~ weight and urea concentration. He pointed out that the 
average body weight was more nearly 57 kilos than 70, and that 
the urine urea was mor nearly 9 grams per liter than 25. (These 
differences may perhaps be results of different modes of li fe 
a nd at any rate do not alter anything about the formula except 
the numerical value of the coefficient. ) The Bauer group 
replied by accusing Lublin of faulty technique, after which 
several caustic communications ensued, adding nothi ng to the 
knowledge of the problem. 
The work of Ambard was not translated into English for 
publication, and was not generally knovvn in this country until 
it was brought to attention by the work of McLean*. 
McLean, Am.Jour.Physiol., 36, 357, (1915) 
Jour. Exp. Med., 22, 212, (1915) 
22 ' 36 6 ' ( 1915 ) 
Recognizing the crudity of the analytical methods used 
by the French, he repeated the experiments of Ambard, using 
human subjects and more accurate analytical methods(urea by 
method of Van Slyke and Cullen* with determination of preformed 
ammonia, chlorides by the method- of McLean and Van Slyke*) 
VanSlyke and Cullen, Jour. Biol. Chern., 19, 31, (1914) 
McLean and VanSlyke, ibid., 21, 361, (1915) 
and came to the conclusion that Ambard's combined formula 
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was sound as a method for determining deviations from normal 
kidney function. Its form was , however, awkward to interpret. 
An increased coefficient indicated depressed function, and 
there existed no scale for determin~ng the extent of the 
depression. By a change in the form of the expression, McLea~ 
expressed normality(an Ambard coefficient of .08) by 100, and 
depressed function by values less than 100. This modified 
Ambard formula has become known as the McLean Index. It is 
derived from the original expression as follows: in order that 
the index should express normal function by a value of 100, 
Rate of excretion found 
INDEX = ---------------------------- x 100 Standard normal rate 
under the same conditions of weight and concentration in blood 
and urine. By the first law of Ambard 
2 
K 
Ur 
y-R~t~ or Rate = t~=j 
The value of K found by McLean to represent normal function 
most closely was .08 (rather than .07 as reported by Ambard) 
hence 
Normal rate = {_-~=-' -2 and \o.os J 
Rate ti~~}- 2 Normal rate 
2 2 x~:~~j · ti~~) Index = 100 
Substituting the Ambard combined formula 
for:r.K, we have 
D · VC · 8.96 
INDEX= 
-------------------------------
where 
w ( Ur):~.... 
D = grams urea per 24 hours 
C =grams urea per liter urine 
Ur= grams urea per liter blood 
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W = weight in kilos of subject { P in Am bard's formula·) 
In the derivation and. testing of this formula McLean carried 
out a large number of tests upon normals and cases of kidney 
pathology. Out of 107 normal cases 31 showed indices below 
100 but above 19; three were below 79 . This observation tends 
to lower the limit of possible normalcy to about 80; the inter-
mediate values forming a neutral zone of presumptive partial 
-loss of function. 
McLean also derived formulae for calculating the chloride 
threshold and for calculating the plasma chloride from the 
chloride in the urine. These are similar modifications of the 
Ambard chloride formula and are subjects to its limitations 
which have been already discussed. These expressions wil l be 
taken up later when we come to the results of our experiments 
on the elimination of chlorides. 
Aside from the work of McLean himself, Lewisf has 
Lewis, Arch. Int.Med., 19, 1, {1917) 
determined the McLean index in numerous normal and nephritic 
cases. From his tables we. can draw conclusions as to the 
values to be expected. From forty cases whose kidneys were 
normal as far as could be determined, the value of the McLean 
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index ranged from 228 to 76, with about one fourth below 
100 and two cases below the lower limit of 80. Eleven cases 
of "early chronic ne:phri tis" showed an incr~ in the index, 
explained as a result of overactivity of the kidney from 
irritation. 43 cases of myocardial insufficiency were studied 
out of which seven normal indices were f ound, the rest being 
more or less depressed, the lowest value 10. OUt of 26 cases 
of acute nephritis, six were normal according to the index. 
Two out of 17 chronic ne:phritics gave normal values. From 
these results we may draw the tentative conclusion that the 
J\IICLean Index is not strictly accurate as a diagnostic :procedure 
but that it is in accord with the facts in the majority of the 
cases. 
Working quite independently of McLean, Addis* has 
Addis and Watanabe, Jour. Biol. Chern., 24, 203, (1915) 
ibid., 28, 251 
Addis and Drury, 
Drury, 
Addis and Drury, 
ibid., 55, 105 
ibid., 55, 113 
ibid. t 55' 629 
ibid.' 55, 639 
ibid.' 29' 391 
ibid. , 29, 399 
ca~ried on studies of a fundamental nature on the excretion of 
urea. Recognizing the :paucity of the experimental work upon 
which the Ambard concept has been based, he and his co-workers 
began by testing the validity of the first and second laws. 
By working with a very large number of subjects and repeating 
the determinations a number of times, numerous cases were 
obt~ined where the blood urea concentrations or the urine urea 
c_oncentrations were the same within the limits of the 
experimental error of the methods used. These cases were 
grouped together in tabular form. According to Ambard's first 
and second laws there should be a constant for each group to 
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which all members of the group should conform. Actually there 
was no approach to anything which might be termed a constant. 
The variations were over 100%. Applying the combined formula, 
however, a rough agreement was obtained, which Addis(vide 
Chaussin) attributed to the mathematical structure of the 
formula. These tables, which appear in the first paper of the 
series, show a general relationship between blood and urine urea 
concentrations, but it is frequently obscured, even in individ-
uals under the same conditions of food and water intake. 
Recognizing that cerl3\:!1in uncontrolled factors enter into the 
problem, the authors in their second paper attempt to determine 
the ratio 
Grams urea excreted per hour 
Grams urea per 100 cc. blood 
in rabbits under standardized conditions of food and water 
intake. Reasonably concprdant results were obtained. After 
removal of one kidney the ratio remained unaffected except 
when urea was injected. This extraordinary strain was too much 
for the single kidney and a depression of the ratio resulted. 
In the third paper the same ratio was determined in man. 
Scattering results were obtained, showing that other factors 
than blood. urea entered into the determination of the urea 
output. The variability was less with high blood urea levels 
showing tha t the influence of the blood urea grew greater as 
the level increased: . The degree of scattering was as great for a 
an individual as it was for the group, showing that the -variable 
factors were transitory and physiological, rather than permanent 
and anatomical. In the fourth paper it was demonstrated that 
following a period of abstinence from food and water the 
ingestion of large quantities of water caused an increase in urea 
output which was independent of the blood urea and of the degree 
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of increase in volume output of urine. In t he fifth paper, 
Addis and Drur.r report the results of f urther experiments 
in the determination of the ratio in man under more strictly 
standardized conditions, as follows: n At an early hour in the 
morning, usually about 6 A.M., the subject drank about 1000 cc. 
of water in which a variable amount of urea had been di s solved. 
No food was taken. Every hour thereafter about 500 cc. of water 
were drunk. No measurements were taken until at least three hour~ 
after the administration of urea. The urine was collected at 
hourly intervals and blood was drawn at the middle of each 
peri od of urine collection." Under these rigid conditions it 
was found that the rate of excretion became directly proportional 
to the blood urea concentration mak ing the ratio 
Grams urea per hour in urine 
Grams urea per 100 cc. blood 
a constant for each individual, with only narrow limits of 
variation, less than 7% in the t wo subjects investigated. 
In the sixth paper Drury, using rabbits, demo~strated that the 
outpu t of urea continued to increase in direct proportion t o 
the blood level, even at co~centrations in the blood greater 
than 700 mg. per 100 cc. In the seventh paper the effect of 
other influences than blood urea was studied. Vfuen the same 
standard. conditions used before were complied with, but no urea 
was trucen, the ratio varied only within 5%. A mixed meal caused 
an i~crease of 10-20% in the ratio. In order to determine the 
particular constituent responsible for the rise, various foo d 
substances were tried separately. Neither cane sugar nor 
whiskey caused any increase. Coffee conditioned a distinct rise, 
as did milk. Glutamic acid was also tried, with an increase in 
the ratio as a result. Strenuous and prolonged exercise(running 
for an hour) caused a fall in the. ratio during the :period od" 
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exercise. Ad.renalin in large dose and. pituitrin were :round 
to gige a marked. depression of the ratio. In the last paper 
the authors reach the conclusion foreshadowed in the fourth 
paper that changes in urine volume have no demonstrable eff'ect 
on t~e rate of urea excretion. This last conclusion, out of' all 
the results of this work, is the only one which seems to be 
inconclusively proven. To be sure, there is no quantitative 
relationship observable, nevertheless the figures show that 
under a regime of low water intake the ratio is depressed. 
simultaneously with a decrease in urine volume. The relationship 
is ~~t not quantitative and is probably not causal, but it 
undoubtedly exists, overshadowed by more potent influences 
at work at the same time. 
Folin refers to the Ambard concept from time to time 
in various papers, but has published nothing primarily aimed at 
its verification or disproof. In one place he expresses an 
opinion which we feel is worth quuting~ although it is merely 
an arbitrary statement, unsupported by any direct evidence of 
his own offering. He says; " We have been uhable to satisfy 
ourselves that they( Ambard's conclusions) are based on sound 
experimental data, or that the new concepts advanced represent 
much else than empirical, fanciful and misleading speculations • 
•••••• In the light of the experimentally determined thresholds 
found by other investigators we consider these calculated 
thresholds as mathematical proof of the non-existence of' the 
secretory constant." 
The work of Van Slyke* and his associates gives us a 
Fitz and VanSlyke, Jour. Biol. Chern., 30, 389, (1917) 
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new application of the Ambard . concept, that of attempting to 
determine the alkaline reserve from the renal excretion of 
acid and ammonia. We may write the combined formula of Ambard 
in the following general form 
Blood concentration= constant x~ 
-Uc 
w 
If we are to consider the excretion of acid we must take into 
account the following facts: awAonia exists preformed in the 
blood stream only in:_very minute traces; the ammonia of the 
urine is formed by the kidney to neutralize acid(Naash and 
Benedict, loc. cit.); therefore to estimate the total acid 
elimination we must - add to the titratable acidity of the urine 
the acid equivalent of the ammonia simultaneously excreted. 
Van Slyke observed that w.pen the plasma bicarbonate reached 
a . value of 80(expressed as volumes per cent of carbon dioxide) 
ammonia was no longer eliminated by the kidney. Hence he took 
as an expression for the retained acid-. , 80 minus the plasma 
bicarbonate. Now applying the Ambard equation in the form 
stated above, 
constant xr~ vc 
w 
80 - plasma co2 
D = co •• 1 N acid+ cc •• 1 N ammonia per 24 hr. 
C = cc •• 1 N acid+ cc •• 1 N ammonia per liter urine 
W =weight of subject -in kilos 
The constant, which is actually the resultant of two separate 
constants----the original Ambard constant and a conversion factor 
between volumes per cent co2 and co. of tenth normal acid, was 
found in a series of determination to equal approximately 
unity, which simplifies the expression to 
Plasma co2 ca:paci ty = 80 - ~ ~ (C 
w 
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The authors attempt no theoretical derivation or justification 
of this formula, accepting it as an empirical expression which 
approximates accuracy with an error of about ten volumes per 
cent, which is a percentage error of about 12.5% in normal 
cases. The error was of similar magnitude in diabetic cases 
and was increased by the administration of sodium bicarbonate. 
This disturbancej.of the ratio· was not satisfactorily eX);Ilained. 
The formula was criticised by Barnett* on the basis of its 
Barnett, Jour. Biol. Chern., ~3, 267, (1918) 
mathematical form. He suggested three different modifications 
which simplified the formula without greatly decreasiUg its 
accuracy. His purpose seemed to' be to disprove the supposed 
quantitative relationship by a reductio ad absurdum procedure, 
showing that it was possible to modify every term in the 
formula, and -,, by juggling the constant and the roots taken still 
produce results as consistent as the original formula. In his 
reply to this paper, Van Slyke* accepted one of the modifications 
VanSlyke, Jour.Biol. Chern., 33,271,(1918) 
as valid, the modification consisting of dropping the factor 
C, which was present in the original formula as a fourth root. 
This changed the formula to 
Plasma co2 80 _ 5v~ 
w 
which is its final fonn to date. The other modifivations were 
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given serious consideration but were rejected as giving less 
consistent results. In a comparison of the three functional 
tests for diabetic acidosis, Van Slyke concluded that the f ormula 
gave good results with normals and in mild acidoses, but in 
severe cases was liable to considerable error. The· determination 
of alveolar CO on the other hand, while occasionally indicating 
2 
acidosis where none is present, gave good results in the severer 
cases. The third method, that of administering sodium bicarbonate 
until the urine was alkaline, was consistently subject to the 
error of indicating more acidosis that was actually present. 
For practical clinical work, Van Slyke recommended the abandon-
ment of the formula, merely stating that a total acid excretion 
(total acid= titratable acid+ ammonia) exceeding 27 cc. of 
tenth normal acid per kilo indicates acidosis, which usually 
becomes critical if the excretion approaches 100 cc. per kilo~ 
Pepper and Austin* attempted to apply Ambard's formula 
Pepper an d Austin, Jour. Biol. Chern. , 22, 81. 
to the excretion of total non-protein nitrbgen in the dog and 
failed entirely to get consistent results. This is, ho wever, not 
to be consi dered as a count against the f ormula, since t he 
nitrogen of the normal urine is almost entirely waste nitrogen 
with only a very small percentage of amino-acids, whereas the 
free amino-acid fraction makes up a fairly large portion of the 
non-protein nitrogen of the blood. This condition renders 
comparison of the total non-protein nitrogen of blood and urine 
i mpractical without simultaneous determination of and correction 
for the amino-acid nitrogen of the blood. 
17 
Austin, Stillman, and Van Slyke* in an attempt to use 
Aust in, Stillman, anG. VanSlyke, Jour. Biol. Chern., 
46, 91, (1924) 
the rate of urea excretion as a functional test for the kitney 
decided that the factors of concentration of urea in the blood 
and in the urine would have to be taken into consideration. 
Experiments on dogs showed that the direct ratio between blood 
urea and urine output gave more consistent results than the 
Ambard ratio. The constancy of the d/b ratio was maintained 
however, only when the dogs were allowed to drink water at 
~ 
will . Vlhen water intake was restricted, it was found that 
the volume of urine had ' an effect upon the amount of urea 
excreted. Above a certain urine volume, however, this effect 
disappeared and further increase in volume showed no correspond-
ing increase in urea output . This point at which the effect of 
increasing volume disappeared was called the "augmentation limit" 
and was determined by.lr unning numerous experiments on the same 
subject and plotting a curve of the different values . Above 
the limit, the values of the d/b ratio plotted against urine 
volumes as abscissae form a straight line. The intersection of 
this line with the extended curve of the progressively 
increasing values of the d/b ratio below the limit determines 
the value of the limit. With a correction for body weight the 
final expression evolved by these authors was for volumes below 
the liinit 
D 
K= 
D = grams urea per 24 hr. 
B = grams urea per liter blood 
V = urine volume per 24 hr. 
W = body weight in kilos 
The value was found for K of ?.5 with a variation of 3 eithe r 
way. If V exceed the augmentation limit, the value of the limit 
(which varies for different individuals} should be substituted for 
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v. The extreme variability (+ 40%) of the results is attributed 
to unknown causes, ''nervous and chemicaln . The authors point out 
that Ambard's first Jaw is a special case of their formul<:l ., when 
the concentratioh of urea in the urine is constant. Ambard 's 
second law is inconsistent with the later formula . To obviate 
possible errors in the timing of their experiments, these authors 
recommend a period based upon the excretion of creatinin. The 
rate of creatinin output has been shown to be remarkably constant 
from day to day and· from hour to hour, which makes it available 
as a standard of reckoning relative rates of output of other 
urinary constituents. According to this system 
grams creatinin per 24 hr. 
V= 
grams creatinin per liter urine 
D V x grams urea per liter urine 
D and V are used in the formula e~actly as though derived from 
a timed experiment . The value of the 24 hour amount of creatinin 
is depermined for ea ch individual subject by an ac ~ual ana lysis 
of a 24 hour urine. By this method the authors believed that they 
obtained more consistent results than by the use of a time period. 
The concept of an "augmentation limit'' has been given 
further verification by the work of Rabinowitch* who found values 
R.abinowitch, Jour . Biol. Chern., 65, 617, (1925) 
for this ~uantity corresponding to those found by Austin, Stillman 
and Van Slyke. He also presents clinical data on the application 
of their formula to human subjects. By statistical methods he 
correlates this formula with another of his own devising applied 
simultaneously. The degree of correlation is high, but t he number 
of cases is fftYv small , which largely invalidates the statistical 
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conclusions. Rabinowitch's formula is simply U/B, where U 
and B are the concentrations of urea in .urine and blood 
respectively. The u nits 9f measurement are unimportant as 
long as both quantities are measured in the same unit. The 
normal group gave values for this ratio between 40 a nd 50. 
Nephr itic cases presented a lowered value of this ratio, as 
well as of the constant o~ Austin, Stillman, and Van Slyke. 
During the course of experiments on the toxic effect s 
of large doses of urea(lOO to 125 grams by mouth) on man, 
a set of data. was obtained on the excretion of urea at high 
values of blood concentration. These experiments were t h e 
work of Hewlett, Gilbert and Wickett*, but the presentation 
of t he data as evidence bearing on the problem of the laws 
governing excretion was i .n a paper by Adolph*. The values of 
Hewlett, Gilbert and Wickett, Arch. Int. Med.,lB, 636,{1916) 
Adolph, Am. Jour. Physiol., 74,93, (1925) 
blood urea were many times the normal under these conditions, 
a maximum of 
a maximum of 245 mg. per 100 cc. of blood(about ten times the 
n ormal amount) being found. By stra ight line extrapolation of 
these abnormal values, Adolph deduces that there is a threshold 
for urea at the value of 22 mg. per 100 cc. of blood. To combat 
the obvious objection that urea is frequently excreted by the 
kidney when the blood level is below this figure, he states that 
the threshold is abolished durung the excretion of water above 
the amount determined or "obligated" by the dissolved solutes. 
A threshold value is also found for phosphates, using data from 
* II (r. the experiments of Wigglesworth and Woodrow , of 2.9 gPamo of 
Wigglesworth and Woodrow,Proc. Roy.Soc. London, 95B,558,(1924) 
inorganic P per 100 cc. blood. 
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blood level and urine output of both these substances is 
expressed by Adolph by the equation 
D = r(B-a) 
where D = hourly output in milligrams 
B blood level in mg. per 100 cc. 
r = the excretory ratio(45 to 56 for urea in man 
47 to 54 for phosphates) 
a = the threshold 
(22 mg. per 100 cc. for urea 
2.9 mg. per 100 cc. for inorganic P) 
The most striking result of this synthesis of experimental data 
is the close agreement between the values of the · excretory ratio 
for urea and for phosphates. From this observation, Adolph 
draws the tentative conclusion that the mechanism for the 
excretion of these substances, one of which is an electrolyte 
and one of which is not, is the same. The validity of the 
results is somewhat obscured by the fact that both substances 
were studiea in blood concentrations far above normal and the 
values for the normal range obtained by straight line extra-
polation. 
We will leave here our consideration of the work of 
individual experimenters, to return later and discuss some of 
their findings in the light of further experimental data • 
. 
There are, however, certain other considerations not brought 
out emphatically by any of these workers which should be recalled 
before taking up the experimental treatment. The controversy 
which is still going on in regard to the actual mechanism of 
renal excretion makes the problem of functional testing of the 
kidney somewhat obscure. Since we do not understand just what 
physico-chemical laws are ~nvolved in the elimination process, 
it is at present impossible to attempt the evaluation of the 
functional status of a pair of kidneys on a basis of physical 
chemistry alone. 
It is, however, quite within the sanctions of thermo-
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dynamics to consider the concentrations of a substance in plasma 
and in urine as initial and final states, independent of inter-
vening steps. By such an approach, we avoid the controversial 
ground of the mechanism of secretion(or filtration and reabsorp-
tion). On the other hand, our study of initial and final states 
cannot be expected to throw any light upon the intermediate 
processes. 
In considering the elimination of the so-called"threshold 
substancesn, we are nevertheless compelled to give some consider-
·ation to the mechanism. If the t hreshold substances do not leave 
the plasma at all until the threshold is e·xceeded, then we may 
expect them to follow the same laws of excretion as hold for the 
non-threshold substances, substituting, as does Ambard, the 
excess over the threshold for the plasma concentration. If, on 
the other hanQ, these substances are filtered out and then 
reabsorbed, we cannot expect to find the same type of relationship 
which we find in the elimination of substances where little or 
no reabsorption takes place. In this respect our studies may 
have a bearing on the controversy, and we mus~ look in particular 
for an answer to the question, " Do the same laws apply to 
threshold and to non-threshold substances?" 
The work of Addis in particular brings up a second 
question, "What other factors beside plasma concentration 
influence the rate of excretion?" Let us consider briefly the 
possibilities . 
There are three general factors, according to our 
present knowledge, each of which is the resultant of numerous 
minor factors. The three general factors may be named as 
follows,l. The cqmposition of the blood, 2. The blood pressure, 
and 3. The condition of the kidney. 
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Under the general heading of the composition of the 
blood we have the special topic of our investigation, the 
concentrations of individual substances. vfe also have the 
factor of the degree of hydremia. Since the kidneys are one of 
the chief regulators of the water metabolism of the body, it is 
hard to conceive, regardless of the theory accepted, that a 
change in t he amount of solvent excreted would be entirely 
without effect upon the excretion of the solutes. Partially 
under this heading would fall the presence of hormones or 
drugs in the blood stream, although their influence may be 
upon blood pressure as well as directly upon the excretory 
mechanism of the kidney. 
The factor of blood pressure under present conditions 
of development of technique must remain an uncontrolled factor 
as regards human experimentation. We can determine the general 
systemic pressure, but not the pressure in the renal circulation. 
Local vaso-constrictions and dilatations have been demonstrated 
in animals under the influence of nervous stimulation or 
variations in the composition of the circulating fluid. Such 
local variations in blood pressure and blood flow take place 
unrecorded and uncontrolled during out experiments upon the 
intact human kidney. 
The last factor, that of morphological and physio l ogical 
condition of the kidney, is the f actor which we wish to evaluate 
by means of our various renal function tests. This factor seems 
a priori to be less variable than any of the others. It is, 
however, so thoroughly masked by the superimposed effects of the 
other widely variant factors that our conclusions in this 
regard are always doubtful and. fre o~uently demonstrably in error. 
Part two 
EXJ>erimental 
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In the laboratory this study has taken to form of a 
determination of the rate of excretion of urea(and in some 
cases of chloride also) in a number of normal individuals and 
in a less number of distinctly pathological cases. Simultaneously 
with the determination of the rate of excretion the level of the 
substance in the blood plasma has been determined. In some cases 
the whole blood ae well as the plasma was analysed. For a further 
index of· the rate of excretion, the crea tinin output was measu red 
f or the same time period. 
Urea was chosen for the major test substance from t vvo 
distinct considerations. First, its excretion has formed the 
basis of the work of most of the previoas investigators, ~ence the 
results obtained are directly comparable to their work, and their 
data may be drawn upon, if found advisable, to complement and 
supplement our own findings. In the second place, the analytical 
determination of urea, both in the urine and in the plasma, is 
capable of being carried out with a considerable degree of 
accuracy. Chloride is equally feasible in this latter respect and 
to a less degree in the former. 
The other constituents of the urine offer analytical 
di f ficulties and uncertainties which render them inappropr iate 
for exact study. The methods for the determination of uric acid 
and creatinin in the blood are under suspicion of being non-
specific. The amounts of sulfate, phosphate, calcium and magnesium 
in the plasma are small and cannot be determined on an ordinary 
sample without a large possibility of cumulative error; further-
more, the extra-renal elimination of these substances is a com-
plicating factor. The determination of sodium and potassium in 
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the plasma does not give dependable results with small quantities 
and here again exact study offers disproportionately large 
analytical difficulties. 
SUJ3JECTS. 
Human subjects were used throughout, chiefly in order 
that our results might be directly applicable in functional 
testing of human kidneys. The particular type of experiment is 
well adapted to study in humans, since the cooperation of the 
subject obviates a g_reat deal of procedure which would be 
necessary if animals were used. For instance, in Ambardrs work 
on cats and dogs it was necessary to catheterize. In the human 
subject it is sufficient in nearly every case merely to request 
the subject the exercise care to empty the bladder completely at 
the designated time. 
The normal subjects were young adults; medical students, 
nurses, and laboratory workers, both men and women. Most of these 
were between the ages of twenty and thirty, and all were free 
f'rom any symptoms of disturbed kidney function. One subject who 
volunteered for this work was found abnormal in that he showed 
an unusually high fasting blood urea level. His figures have 
not been included either in the no r mal list or in the list of 
the definitely pathological. 
For the latter series cases were studied who had undergone 
various diagnostic procedures and whose functional status was 
fairly well established. In this manner it was possible to check 
the tests under investigation with the results of physical 
examination and other functional tests. 
EXPERIMENTAL CONDITIONS. 
In all cases the procedure was as follows; the subject 
emptied the bladder completely and the time was noted exactly. 
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After a specific time interval, usually 36 minutes or one hour 
a sample of blood was taken by venous puncture and immediately 
oxalated and centrifugated(in some cases a portion of the whole 
blood was saved for separate analysis and comparison). After 
twice the period had elapsed, i.e. after a period of 72 or 120 
minutes from the beginning of the experiment, the bladder was 
again completely emptied and the urine saved fo~ analysis. 
The majority of these tests were maq.e on subjects in a 
fasting condition, in order to avoid the disturbing influence of 
mea ls on blood composition and on rate of excretion(see Addis, 
loc. cit.). Some were made immediately following meals in order 
to observe the magnitude of these effects, while still others 
were made after the ingestion of test meals of galactose or urea. 
ANALYTICAL METHODS. 
The analyses of the blood and of the urine were made .largely 
by the methods of Folin or by modifications of his methods. 
The plasma filtrates were made by the method of Vfuitehorn* 
iffuitehorn, Jour. Biol. Chern., 4 5, 449,(1920-21) 
in which four cc. of plasma is diluted with about 20 cc. of water 
in a 50 cc. volumetric flask. Four cc. of the Folin tungstate 
solution are added, followed by an equal volume of the 2/3 N 
sulfuric acid, and the whole is made up to the 50 cc. mark 
before filtration. The values obtained in subsequent analysis of 
the filtrate must be multiplied by 1.25 to correct f or the grea ter 
dilution. The advantages of this modification of Folin's technique 
are that it is possible to obtain a larger amount of f iltrate 
fro m a given amount of plasma, and· that the dilution is made more 
exactly. 
Urea determinations in the filtrate were carried out in 
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accordance with the Folin procedure, running frequent determin-
ations on a known urea solution as a check on the purity and 
activity of the urease preparation. It was found advisable to 
increase th~ amount of permutit used in making the urease 
solution to 20 grams, otherwise there was an appreciable amount 
of (ammonia?) nitrogen carried in by the urease. It may be well 
to recall that permutit is a variable product and differemt lots 
may show quite different powers of removing ammonia. The solution 
obtained by this procedure is fairly clear and somewhat less 
active than when less permutit is used. To counteract this, 
incubation was allowed to proceed at 37 degrees c. for t hree hours 
or more and frequently over night~ The ammonia was removed from 
the incubated mixture b y aeration, or by distillation with 
simultaneous aeration. This latter ~ethod was fmund advantageous 
in that it was as rapid as the straight distillation p~ocess 
while the aeration prevented any possibility of back pressure. 
Chloride was determined in the plasma by a modified 
Rappelye procedure in the first few expEriments, but was replaced 
later by the Whitehorn(loc. cit.) method. The two methods were fou 
found to give identical results on a known NaCl solution ~nd on 
plasma· filtrates; the Whitehorn method was chosen for its 
simplicity and rapidity. 
In 'the urine, urea was first determined approximately by 
the ureometer, then the urine was diluted and the urea determined 
in one cc. of the diluted urine by Falin' s urease method, with 
subtraction of the preformed am~onia determined by aeration 
and Nesslerization. 
Creatinin and chloride in the urine were determined by 
Falin's methods. 
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Plasma determinat ion were made instead of using whole blood, 
accort(inf to the recomrnel:1\9ation of Yiu* who suggests that more 
Wu , Jour. Biol. Chern ., 51, 21, (1922) 
consistent results might be obtained by this method . ~e reports 
that urea is very nearly eq_ually distributed. between corpuscles 
and plasma , but sometimes is higher in the plasma. The average 
of a number of determinations made by him is for the plasma 
19.3 mg . and. f'or the corpuscles 17.1 mg. per 100 cc of Urea-H. 
During the course of these experiments a few comparative 
d.et e:rTiina t io:ns o:f' u rea in whole blood and in plasma were made 
as follows; TABLE 1. 
Whole Blood Plasma Ratio B/P 
8.6 10.2 . 84 
12.5 14 .9 .84 
10.5 12.3 . 85 
.'.8 . 8 9 . 9 .89 
' 14 '~7 16.3 .90 
11.3 12.4 .91 
14 .9 16.4 . 91 
16.4 17.6 .93 
13.8 14.4 .96 
12.9 13.3 .97 
11.7 11.9 .98 
12.1 12.4 . 98 
16.5 16.8 . 98 
19.9 20.2 . 99 
Inspection of the above table shows that whereas the 
p lasma is consistently more concentrated in urea than the whole 
blood , the difference is small and the relationship is not 
constant. 
The difference between the chloride values of whole blood 
and of plasma is greater and more definite . Norgaard and Gram* 
Norgaard and Gram , Jour . Biol. Chern., 49,263,(1921) 
find that the chloride in whole blood can be calculated fairly 
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closely by assuming a constant concentration in corpuscles and 
in plasma. This makes the whole blood chloride a simple function 
of the cell volume. This method is mentioned merely to show the 
relationship. We did not use it, but determined the plasma 
chloride by the Vlhi tehorn titration, as mentioned above. Small 
/., 
variatioxis in the plasma chloride do occur, and we have attempted 
to corr~late these with changes in the rate of excretion of 
' 
chloride by the kidney. We have expressed chloride in our 
work as Cl, rather than as NaCl. This latter expression has the 
sanction of tradition, but is inaccur~tte since the chlorid.e of 
the urine is undoub1tedly in ~n ionized cond.~ tion and is probably 
. · .  -,__ . .. 
excreted i n the same state. It is hardly justifiable to tie up 
all the ionized chloride ~t%~ arbitrarily with a single cation. 
DATA. 
The data obtained from our series of experiments is shown 
in tabular form immediately below. We shall refer to these tables 
in the discussion of our results and shall use the data therein 
contained in the other tables and graphs which will be used to 
emphasize particular points. · 
Table 2 covers the normal cases. These cases will be 
designated as to subje.ct by an abbreviated. name. Hospital cases 
which are shovm in table 3 will be designated by number only. 
In table 2 the fasting subjects and the subjects tested 
after meals are grouped separately. 
In table 3 tpe ca~es are simply listed chronologically 
with no attempt at classification. This will be done in later 
tables where classes will be taken up separately. Any special 
conditions of fasting, test meals, etc., are however, noted with 
each individual case. 
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TABLE 2 
Normal sub jects 
s = sub j ect 
·:1 = weight i n k i l os 
Cr - rate of creat i n i n e~cret i on i n mg . ::;er minute 
C = grams urea per liter u r i ne 
D = grams urea per 24 hcu r s 
Ur = grams u r ea per liter pl asma 
CCl = grams chlor i de })er liter -:~ ::ine 
DCl = gra:n3 cl1:or .i.cl e -,')8 l " 2.S: h ours 
Pl = grams chlori de per lit er pl asma 
v = volume urine excret ed du ring time peri od. 
T = time peri od in mi nut es 
I: = Amba rd. coeff icient 
I = l1!icLean Ind. ex 
SUBJECTS I ~T F.:~. STil?i- COlJDI TI OH 
s ".'I Cr c D Ur CCl · DCl Pl v T T'" .L I 
L . 80 1. 12 22 . 5 16 . 2 . 41 3 8 .06 5 . 82 3 . 78 60 120 . 11 2 51 
Dr 74 . 64 18 . 5 8 . 9 . 290 40 120 .107 55 
c 73 1 . 18 4 . 9 27 . 4 . 330 2 . 1 0 11 . 7 3 . 48 281 72 .100 64 
!.I a 61 . 64 32 . 3 7 . 8 . 309 20 1 20 . 097 68 
L 80 1.19 18 . 8 1 7 . 4 . 350 77 120 . 096 69 
Dr . 74 1 . 37 12 .1 14 . 8 . 296 102 1 20 . 095 71 
"Si r 74 . 83 . • 4 11 . 0 . 214 7 . 40 9 . 77 3 . B9 110 1 20 . 087 84 
. L 80 1.10 45 . 7 15 . 9 . 378 5 . 78 2 . 10 3 . 89 29 1 20 .087 54 
IT 70 1.26 7 . 5 40 . 9 . 410 2 .24 12 . 05 3 . 82 453 120 .086 05 
D 83 . 51 3 . 5 20 . 6 . 21 6 0 . 72 4 . 28 3 . 86 296 72 . 084 90 
!I a 61 1.13 18 . 4 15 . 0 . 321 68 120 . 083 92 
Sm 67 1 . 01 7 . 4 11 .5 . 20.2 131 1 20 . 079 1 03 
Hu 54 .74 11.0 1 8 .1 . 309 2 . 76 4 .53 3 . 86 73 72 . 078 105 
Cr 69 1 . 22 23 . 4 21 . 4 . 337 6 . 92 6 . 31 3 . 88 76 1 20 . 073 11 6 
:a 66 1. 01 25 . 1 1 6 . 6 . 29 1 33 72 . 069 132 
s 64 1. 26 8 .1 1 3 . 4 . 199 138 120 . 069 1 35 
Sm 67 . 93 1 7 . 6 1 5 . 2 . 246 72 120 . 067 140 
Sm 67 . 87 20 . 4 15 . 2 . 246 93 1 80 . 065 1 54 
s "4 1 . 16 1 9 . 9 1 7 . 2 .262 7 . 4 5 6 . 43 3 . 80 72 120 . 064 156 
Da 63 1 . 11 25 . 2 28 .2 . 348 93 120 • 062 166 
';'/ 65 1. 05 11. 0 1 3 . 7 . 1 89 5 . 6 8 9 . 58 3 . 64 104 120 . 06 1 1 75 
Vfi 54 . 69 4 . 7 25 . 1 . 227 1 . 94 10. 3 3 . 88 26 5 72 . 06 0 1 77 
Cr 69 1 . 26 27 .o 25 . 3 .309 6 .• 37 5 . 95 3 . 81 78 1 20 . 059 179 
l'I 70 1. 53 20 . 9 24 . 6 . 272 7 . 76 9 . 17 3.75 98 120 . 057 1 95 
K 69 1 . 10 31 . 0 21.7 . 280 5 . 18 3 .63 3 . 83 3 5 72 . 056 2 00 
H 70 1 . 52 13 . 9 4 8 .0 . 335 7 . 04 24 . 3 3 . 78 287 120 . 056 204 
s 64 1. 00 21.4 1 3 . 3 . 202 5 . 52 3 . 4 5 3 . 83 52 12 0 . 055 210 
p 1 01 1. 32 39.9 27 . 9 . 266 9 . 04 6.3 3 . 92 35 72 . 0 54 220 
Dr 74 2 .05 8 . 2 56 . 8 .296 34'7 7 2 . 0 53 224 
s 64 1 . 16 27 . 8 20 . 4 . 255 61 120 . 053 232 
Sm 67 1 . 29 1 3 . 6 23.1 . 220 7 .15 12.2 3 . 90 118 100 . 052 240 
Cr 69 . 96 31.0 17.4 . 225 8 . 74 4 . 88 3 . 76 28 72 .051 .247 
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T BLE 2 
No rmal subjects 
(Continuation) 
SUBJECTS EW:IIl'fH:D ONE HOUR AFTER BREAKFAST 
s w Cr c D Ur CCl DCl Pl v T K I 
N 70 1 . 38 8 . 09 12 . 03 . 335 4 . 91 7 . 31 3 . 78 124 1 20 . 128 39 
s 64 1 . 04 3.92 14 . 1 . 263 300 120 .107 57 
Sm 67 . 83 5 . 88 7 . 50 . 184 108 120 .095 72 
:N 70 1 . 33 22 . 4 27 . 2 . 449 7 . 00 8 . 49 3 . 78 101 120 . 089 82 
s 64 . 96 10 . 9 17 . 8 . 304 3 . 28 5.37 3.64 136 1 20 .085 89 
Dr 74 1.00 16 . 6 17 . 3 . 302 87 120 .082 94 
. Dr 74 1.05 8 . 87 14 .. 4 . 232 8 . 20 13.3 3 . 83 135 120 . 081 97 
Sm 67 . 78 12 . 0 9 . 36 . 202 65 120 .078 106 
L 80 1 . 32 1 9 . 8 24 . 0 . 326 101 120 . 075 113 
Cr 69 1.17 22 . 3 22 . 7 . 342 7 . 75 7 . 95 3 . 82 85 120 . 073 119 
Sm 67 . 7 5 10 . 6 15 . 9 . 228 3 .19 4 . 80 3 . 96 125 120 .070 129 
Da 63 1 . 03 26 . 2 34.5 . 442 1 0. . 6 13 . 9 3 . 72 110 120 . 071 129 
Ha 61 1 . 01 19 . 6 21 . 2 . 31 9 90 120 . 069 135 
Ha 61 .88 9.81 13 . 1 . 201 111 120 . 065 149 
Cr 69 1 . 19 23 . 8 28 . 8 . 335 8.30 9 . 97 3 . 74 101 120 .063 163 
Da 63 . 82 33 . 5 24 . 8 . 352 59 120 . 062 1 65 
Dr ?4 . 97 19.6 24 .. 0 . 266 102 120 .059 181 . 
Cr 69 1 . 29 25 . 5 24 . 8 . 286 8 . '7 3 ·s . 5o 3 . 78 81 120 . 057 198 
s 64 .58 18 . 4 14.1 . 186 5. 57 4 . 29 3 . 80 64 120 . 051 244 
SUBJECT EXAMI NED H'IT':lEDI ATELY AF'rER IHGESTIOH OF 15 GRAr!fS UREA 
w 65 1.02 20 . 6 31. 9 . 54 4 . 06 6 . 31 3 . 48 129 120 . 097 68 
End of table 2 . 
The following table gives a summary of the exp eriments 
on pathological cases, g iven by number only . Later these cases 
. will be grouped accorQing to degree of kidney impairment and 
considered separately . All dat a there used will be taken fr om 
these tables and from the hospital records of these cases . 
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TABLE 3 
Hospital ca ses 
In the f irst c olumn is g iven the case nLunbe r , fol lowed by a 
syrnbol indicating the conditions of the test: F signifyi ng 
fas ting , 15U meaning that fifteen grams of urea were i ngest ed 
immediately preceding the test, 30G similarly signifying a 
test meal of 30 g rams of gal actose , etc. 
:1 = weight of patient in kilos 
C = grams urea per liter urine 
D = g rams urea p er 24 hour s 
Ur = grams urea per li ter plasma 
CCl = g rams Cl pe r liter. urine 
DCl = g rams Cl per 24 hours 
Pl = grams Cl per liter plasma 
V = urine volume excreted. during time period 
T = time period i n minute s 
K = Ambard. coefficient 
I = :rvicLean Index 
B4 F 
B5 F 
B5 F 
B6 F 
B6 F 
B8 F 
B8 F 
B9 F 
B9 F 
B24 I5U 
B26 15U 
B30 15U 
B35 l5U 
B36 15U 
B39 15U 
1340 1 5U 
B4 1 15U 
B42 15U 
B43 15U 
1344 1 5U 
B47 15U 
B'±8 l5U 
B53 15U 
B240 F 
B244 F 
B246 F 
B248 F 
B249 F 
B259 F 
B269 F 
B348 F 
3011 
c D Ur 
46 12:;2 9. 8 
66 2 .0 30 .7 
66 11.9 29 . 4 
59 9.1 21 .3 
59 12 .7 44.8 
46 1.9 10.5 
46 1 8 .0 31.0 
81 1 3 . 4 26 . 8 
81 1 2 . 8 16.7 
81 29 . 8 75.2 
71 31.6 43 .5 
61 13.0 51 . 8 
69 1 9 . 0 28.8 
115 31 . 3 43 .5 
7 3 26 . 4 3 . 5 
45 7 .6 39 . 4 
64 14.3 39 . 2 
53 3"1 . 51 . 
57 9 . 2 43 . 2 
48 1 3 . 6 54. 
65 22 . 3 39 . 6 
52 14.4 21.6 
56 9 . 2 73 . 
64 1 9 . 8 41.7 
68 2 .7 8 . 8 
67 4 . 8 15.8 
63 1 8 . 2 1 7 . 9 
66 7. 3 30 . 4 
47 7 .0 14 . 4 
88 1 8 .7 14 .1 
64 22 . 4 19 . 8 
7 .5 1 2 .. 6 
.262 
.198 
.240 
.254 
.259 
.140 
.255 
.304 
.278 
.529 
. 653 
. 452 
. 538 
. 549 
. 848 
. 572 
.462 
. 67 
. 450 
. 56 8 
. 744 
.512 
. 452 
. 250 
. 252 
. 349 
. 370 
. 380 
. 31 9 
. 327 
. 465 
. 417 
CC1 DCl Pl V T 
40 72 
76 2 72 
124 72 
117 72 
176 72 
283 72 
86 72 
100 72 
71 72 
210 1 20 
115 1 2 0 
330 1 20 
126 1 20 
116 120 
11 1 20 
430 120 
315 120 
115 1 20 
390 120 
331 1 20 
148 1 20 
1 25 1 20 
665 120 
105 :_72 
1 . 0 :: 3 .. 3_ 3 . 78 163 72 
2.2 7 . 2 3 . 82 165 72 
5.3 5.2 3 . 74 49 72 
1.4 5 . 9 ~.74 207 72 
103 72 
63 120 
7 . 2 6 . 4 3 . 74 74 1 20 
7 . 2 11.9 3 . 67 140 1 20 
K I 
. 081 97 
. 065 151 
.052 240 
. 065 151 
.042 360 
. 067 143 
.. 040 390 
. 074 118 
. 087 85 
. 063 163 
.094 73 
. 069 134 
.107 56 
.101 63 
. 144 31 
.098 66 
.. 081 98 
. 074 117 
.079 1 02 
. 07 5 115 
.117 47 
.109 54 
. 059 1 85 
. 039 420 
.146 30 
.130 38 
. 090 79 
. 091 78 
. 095 71 
. 105 58 
. 1 03 60 
.152 28 
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T :3L:G 3 
Cont i nuat i on 
·.7 c D Ur CC1 DC1 P1 v T y _,_ I 
352 F 125 21 . 2 19 .1 . 393 4 .7 4 . 2 3.55 75 1 20 .125 41 
40G 125 32 . 0 26 . . 328 5 . 6 4 . 5 3 . 73 68 120 . 081 98 
13354 F 53 1 0 . 7 9 . 9 . 2?9 77 1 20 . 09 5 71 
3355 F 66 11 . 5 16 . 0 . 432 0 . 8 1.1 3 . 66 132 1 20 .127 39 
:3357 F 62 1 9 . 3 22 . 6 . 394 6.7 7 . 8 3 . 65 98 1 20 . 083 93 
40G 6.1 19 . 2 . 344 3 . 7 11 . 4 3.70 265 1 20 .105 58 
B358 F 49 6 .1 14 .5 . 257 1 97 120 . 0 80 10 0 
16G + 1 5U 14 . 9 52 .4 . 576 2J3 l DO . C7 6 111 
B359 F 69 1 3 . 8 1 5 . 8 . 454 4 . 5 5.1 3 .58 89 120 .132 37 
30G 1 9 .. 1 23 . 6 .584 3 . 7 4.6 3 .. 55 110 120 .125 40 
B360 F 66 3 . 6 11 . 3 .246 3 . 1 ~ 9 ~ 6 3.64 257 1 20 . 115 50 
lOG+ 15U 6 . 7 38 . 8 high 2 . 0 11. 5 3 . 81 482 1 20 
B362 F 79 3 . 5 8 . 9 . 258 215 120 .. 154 28 
l OG + 15U 11. 8 36 . 4 . 6 58 257 120 .. 14 33 
I3363 F 81 21 . 6 s .s . 294 34 120 .11 53 
lOG + 15U 15 . 8 58 .1 . 59 305 120· . 093 74 
B364 F 66 2 . 9 1 7 . 8 . 257 510 1 20 . 1 01 63 
l OG + 15U 9 . 7 44 . 0 . 893 380 1 20 .166 24 
B369 F 67 12 . 7 11 . 1 . 257 73 1 20 . 089 81 
.L:Jnd. of d.a ta on hos:p i tal cases . 
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Part three 
.A.pplica tion of exp erirnei1tal data 
\"ie will now :proceed to examine the laws of Ambarcl , 
as well as various other expressions for the measurement of 
renal function, in the light o f such <lata as have been macl e 
availab l e . 
nyJhen the lddney i s secreting urea at a constant 
cone entration , the ou t ]JUt vari es directly as the sqaare of 
the c oncentration of urea i n the blood. . 11 Vfe have a lready 
noted that this generalizat i on was based upon a limi te cl 
number of experiments , and that the anal~rti cal methods 
av2. ilable at that time for this lcinc.l of vvo r k were of a low 
order of accuracy. Addis (loc . cit . ) a ttempted. a veri i'ication 
o f this lavv- , using human subjects and irn:p roved. metho d s , and. 
obtained. negative results . I n our onn series of experi ments 
no at tempt .was made to regulate the concentration of u rea in 
the ur ine . Uevertheless, as was the case i n ~d.dis' vvork , the 
11rine concentrations in certain subjects a g reed f ortuitou s l y 
to vri thin five percent . Taldng th e se few cases, we can apply 
this law and see if the variations are small or l arg e. The 
subject Dr . on t w.) c.Ufferent c.leterminati ons had. urine urea 
concentrations of 8 .4 and. 8 .2 g r ams per liter with blood 
urea v a lues of . 214 and .296 g rams per liter, and output 
rates of 14.4 a l ~ 56 . 8 g rams per 24 hours resp ectively . 
Di vi cling i n each case the bl ood. urea by the sq_uare root 'o f 
the Ol.ltput vv e get a 11 constant" in one case of . 0565 ancL in the 
other of . 039 2, fro rn. which vve may conclude that il1 this 
subject Amba rd.'s f i rst law cloes no t hold . 'l'he results of 
t his a nd three similar observations are recorded in the 
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foll ovJ i ng table . 
Sub ject 
Dr. 
Ha . 
Cr . 
Da . 
'.'! . 
Hu . 
DB . • 
s . 
Sm. 
1.:ABLE 4 
Urine Urea 
in grams 
per liter 
8 . 4 
8 .2 
1 8 . 4 
19 .6 
23.4 
23 . 8 
25 . 2 
26.2 
Urea Output 
in g rams :per 
24 hours 
14 . 4 
56.8 
15.0 
21.2 
21.4 
28 . 8 
28 .2 
34 .5 
Pl asma urea 
g rams :per 1. 
.214 
. 296 
. 321 
. 319 
. 337 
. 335 
. 348 
. 442 
HConstant H 
. 056 5 
• 0~:)9 2 
. 083 
. 069 
. 073 
. 06 2 
. 066 
. 075 
Similarl y in di fferent subjects hav~ng essentially 
the same urine urea concentration 
11.0 13.7 .18 9 . 051 
11.0 1 8 .1 , 309 . 073 
10.8 15.2 . 256 .066 
10 . 9 17.8 . 304 .07 2 
10.6 15 . 9 . 228 . 057 
_,:~ rom this table we see that in indi viduals the uconstantn 
of the f i rs t la'/f varies ten per cen t or more , and that i n a 
group of i ndivi duals there is a dev i ation of the values of 
the 11 constant 11 fr·om. the mean of more than ten per cent , although 
t he occurence of two a l mos t identical values gives the table 
for the g roup a semblance of cons istency. ~hese resul ts __ ,ar e in 
general a ccord with those of Addis and the conclusion se ems to 
be warrant ed that Ambard. 's first law is not an accurate state -
ment of the relationship of output to blood urea level under 
the condition of constant concentrat i on of .urea in the urine . 
r.r_•here is, hovv-ever, a rough s ort of agreement, and it i s s;Jd ll 
pos sible to consid.e~ this law as an app roximat ion, subject t o 
'.7 i de deviations. 
IDlB.AIID I s SECOJ:ID LAW . 
11 'Jhen , with a constant concentration of urea in the blood 
the subjec t excretes urea at variable concentrat ions, the output 
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is i nvers ely proportional to the sq_uare r oot of the concentration 
of urea in the urine.'' As a res"lu t of chance agreement of 
t he bloo d urea va lues in certain sub jects, we a r e i n a pos i t ion 
to sub ject this law to a similar t rial . ':li th subject Sm . ; 
Blood urea . 202 
Urine urea 7 . 35 
Urea ou tput 11 . 53 
Ra tio of outputs 
Inverse ratio of 
. 202 
12 . 10 
9 . 36 
grams per liter 
!I 
gr ams per 24 hours 
1.23 
s quare roots of concentrations 
Variation less than 4% 
1.28 
Sub ject Ha . 
Bloo d urea . 321 . 319 
19.6 
21 . 2 
Urine urea 18 . 4 
Urea output 15 . 0 
Sub ject Dr . 
Rat io of outputs 
I nverse VC ratio 
Variation about '15 ~j 
Bl ood urea . 296 . 296 
8 .17 
56.8 
Urine urea 12 . 1 
Output 14 . 8 
Subje ct N. 
Hatio of outputs 
Inverse VC ratio 
Vari ation about 70% 
Blood ~rea . 335 . 335 
8 .09 
12.03 
Urine urea 13 . 9 
Output 4 8 . 0 
Subject Cr . 
Ratio of outputs 
Inverse fC ratio 
Vari a tion a bout 79 % 
Blood urea .337 . 335 
Ur ine urea 23.4 23.8 
autput 21 . 4 28 . 8 
• 708 
1 . 03 
2 . 6 
. 82 
3 . 99 
. 76 
Ratio of outputs 
Inverse YC ratio 
Variation about 36~L 
. 74 
1 . 01 
Subject s. 
Blood urea . 263 .262 
19 . 9 
17 . 2 
Urine Urea 3 . 92 
Output 14 . 1 
Rati o of output s 
Inverse VC ratio 
Vari a tion a bout 360 ~ 
. 82 
2 . 30 
Th e vvicLely eli vergent results obta i ned l)y the use of t his 
exp ression lead. us to the conclu sion that it i s ent irely 
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fallacious and. from now on we leave it out of t he reckoning 
a ltog ether . In discarding this law we 'are i n agreement with 
Aust in, St illman, and. Van Slyke, and. a l so v1 ith Addis . 
~ HBl!.RD I s THI RD LAW 
THE I!Ic LEJl.N I NDEX 
The rejection of Ambard.' s seconcl law and. the observation 
of wic.l.e variations in the first law renders the third law 
logicall , since we have disproved one of its 
comp one nts and .. cast serious doubt upon the other. I t will 
be recalled by the reader tba t the third law is merely a 
combine d formula uni ti l'l€: the f irst and. second. laws into 
a common ex:pressi on with a s i ngle constant . There are , on 
the other hand. , certain cons iderations which restrain us from 
thus lightly cas t i ng as ide thi.s g enera liza tion. The thi r d. l aw 
has been used in Europe (as the Ambard. coefficient) and. i n this 
c ountry (as the M:cLean Index) for the evaluation of k i d.ney 
:funct ional status , wi t h the support anc.L approval o f cli n icians 
of g oo d s tanding . Heglecting f or the time the truth or fallacy 
o f it s underlying as sumptions, let us try a nd see, using such 
data as are a vailable, how accurately it functions as a test 
of renal ef ~ iciency. Out of f i fty -eight determi nations on 
normal subjects, our own results show twenty depressed 1lcLean 
indices . (The reader will recall that a depressed. McLean index 
is e u.u i va lent ma thematically t o an increased Am bard. co effi c:eent 
am:. ind icated. depressed function accordi ng to the proponents 
of this method of f unctional d iag nosis . ) Of these t wenty, 
nine a re between 80 and. 100, which may be considered as a 
boru..er zone between normalcy ancl depressed. func t ion. The others 
r ange between 39 ancl 80 , indi cating a loss of funct ion 
prop ortional to the d.ifference between the value of the index 
as f ound and. 100 . There is no reason to doubt t hat the subjects 
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u sed. h a<l :p erfectly normal l{idney s , since no ot h er s i g ns o f 
k i clney i wpairment were found . This iml ica tes, t he r efore, that 
i n a b ou t 1 95D of no rmal cases , th e l.'LcLea n index determi nat io n show 
1 oss o f f unct i o n of g rea ter o r less cl.. eg ree vvher e no n e e x i s t s . 
'.t'h i s ob s erva tion can be conf i rmed by consi <lering s uccess ive 
d.et e rmi na t i on s of t he i ndex on the same normal i n cU v i ctu a l. 
Tak i ng· the subject S ., a medi ca l s t uclent i n g o oct health , whos e 
E cLean i n<lex wa s determi ned seven t ~ mes within a per i od. ol fo ur 
\"leek s, the f oll ow i ng va lues 1:1er e o btairied ; 232 , 1 85 , 57 , 156, 
89 , 210 , 244 . One o f t hese v a lues , accordin g t o t he u sual 
i nterpretati on, shO'NS marked and serious func t i ona l loss; on e 
i s on the bord er- line; t he rest a r e well a b ove normal. I t is 
worth n o t i w; that t he low v a lue was obt a i n ed. on the same clay 
as the :preced. ing h i gh value . ·.ihen two de t erminations i n 
success ion g ive d ive r g en t a n d. c ont r ad.i ctory re s ults it casts 
a ser i ous liouo t u p on t he va li d i ty of t he i nclex . 
Turi ng n ow to our 0\'Jn da t o.. on ca se s of ct efi n i t e lc i clney 
pathology ?- S i ndica t e cl by the u s ual cli nica l s.rmptomE' we f i nd 
the f oll owi r..g v a lues; 
TABLE FIVE 
Case l bumi nuri a Othe r sympt oms 
B4 
I36 
B36 
B39 
B40 
B4 1 
B44 
134 7 
B259 
+ 
+ 
+ 
+ 
+ 
-1-
B269 + 
B34 8 + 
I3352 - j-
Oxa luria , cast s 
Uro b i l i n og en 
Tra ce su ga r 
- ('< ";:) 
• ...;~ • .t . 
78 
76 
38 
47 
4 5 
60 
51 
'1 0 
5 6 
46 
52 
42 
'D i azn o s i s I ndex 
~}onad f a ilure 9 7 
Epilepto i d 1 51 
'.L'h ;sr:r o i cl 
-
63 
Ar t er i oscleros i s31 
Go n.ad fa ilu r e 66 
~~hyroi cl -
?arki nsoni a n 98 
Thyro i cl 
-
115 
Go nad. fa i lur e 
Hype r tens i on 47 
P i tuitary 
A- P+ 71 
-~ bart eel 
acromeg a l y 58 
Thyro i d 
-
60 
28 
'!.'hyro i cl 
-
4 1 
Hephri tis 98 
38 
T~BLE l"I V!l: 
(Continuation) 
Caoe Al bumi nur i a Other symptoms P . S . J? . :i) i agnosis I nclex 
B3 5 ~3 
B359 
B360 
B364 
+ Bl oo cl d i s cs 
-r- Bloo tl d iscs 
Leucocy tes 
+ 
+ Bloo d. discs 
Leu co c;,rte s 
32 
36 
52 
39 
Cong . sy) h ili s 
1fe }1hri t i s 
l'i tlt i t ary C..ys . 
Ha le cast r at e 
Ki dney i mpa i r ment 
Hypertens ion 
I-y eli tis 
Here , as in the normal cases , we f ind a substa ntia l 
a g r eement . Out o f these 21 i nd ices , a ll o f rlhic:~ shoul c1 be 
GO 
145 
3 7 
40 
50 . 
63 
24 
be l on 1 00 a ccor cl i ng t o the theory , we i'i n c-:. thre e ''Jh i ell ar e over 
1 00 , an er~"or o f 14 ;-~ . Again , the same i ncl.i viCtual sho·.rs a la r,~ e 
vari a t i o n, as in cases B352 ancl 1335 3 , nher e two cletermi no.t ions 
mad.e on the same clay s h on marke d l y d. i ffer i il£ de g rees o f ~:: idney 
I n a numbe r of cas e <:> r,rh i ch nent thlr.oue;h a thorough 
d i agnost i c pro cedure, we were ab l e to compa r e the 1-[c J.Jea n I ndex 
··; i th the excretion o f phenol-sulfone - phtha lein. Thi s e na bles ns 
to guag e the v a lue o f' t he i ndex i n terms of an a ccep ted method. 
o f funct i onal testing , real i z i Yl...g ho'.7ever that t he phenol -
s ul :Cone - phthalein test has it s ovm very clefini te li n i t"' t ions. 
TABLE SI X 
Case P. S. P . McLean Diagno s is 
Bi.l: 78 97 Gonad fa ilure 
135 75 151 , 2L.1 0 T'i: ental 
B6 76 151 , 360 ~l:pilepto i cl 
}38 61 1 43 . 39 0 nona d. 1'ailure , psycho s i s 
B9 6 5 118 , 8 5 Psycho s i s 
3 24 6 0 1 63 :SUnucho i d 
B26 74 73 'l'h;:rr o i d -
1330 71 1 34 Th;yroil\. 
-
B35 33 56 I:iyxeclema 
:33 6 40 63 ~L' ll;;r r o i d. - p o s s i ble J~Gl)h:r i t is 
B39 4 7 31 'i.'h~rr oicl i nc i :p i ont 1 . ' i mp . - "ac..ney 
B40 L,15 66 GonEt d. fa i h :.re 
B4 l 6 0 98 l)a~r:k i nu o n i an , thyl~o i cl -
Case 
B4 2 
B43 
B44 
B47 
1348 
B53 
B244 
B246 
3248 
B2 59 
B269 
B348 
B352 
B353 
2 354 
m ;o 5 
B357 
B358 
B359 
B3b0 
B3G2 
P.S .P. 
58 
48 
51 
40 
44 
6 1 
49 
56 
31 
63 
46 
52 
42 
32 
55 
4 1 
53 
38 
34 
52 
40 
39 
( Continuat ion) 
McLean 
117 
102 
115 
47 
54 
1 85 
30 
38 
79 
71 
58 
60 , 28 
41 , 98 
50 ' 145 
71 
39 
93 , 58 
100 , 111 
37 ' 40 
50 
28 , 33' 
Di agnos i s 
Surgical castrate 
Parkinsoni an 
Thyroid. , inci ::~ient k i O.ney i upa i rment 
Gonad -, hypertension , i nci~)ient l;: . 
P i tui t D. ry , A-1+ 
n 
Bilobar p itu it a_ ry , braiD t-tmw r (?) 
P i tuitary , A- P+ 
II 
rt 
Abo~ted a c romegaly 
Thyro i d. - , Jci clne3r i r:rpa i rment 
Thyro i d -, nephritis 
J? i tui tary dys ., ne]_)hri tis , SYJ!hilis 
Bra i n ]_)athology 
I dio]_)athic epilepsy, g onad failure 
foll owing mumps , anem i a 
Anemia 
Hys t eri a 
hial e castrate , k i G.n ey i mpairment 
Hy]_) ertens ion 
- .J:'i tui t ary - J:i, ( rl i ed i'ollmvi ng 
operat ion :Lor gastric malig nancy .) 
Out o f these 34 cases we :dncl e i s ht cases of association 
of a 11ormal I.:1cLean Index (above· 100) wi th a normal phthalein 
output ( abo ve 60): nineteen inst a nces of dep ressed i n~ez ~ ith 
low phthale i n output : four of normal Li:cLean ind.ex as so ciat ed. 
with lo'>'f phthalein output : three of clepressed. i nclex with normal 
phthal e in out]_)ut . I n brief , the t iTo tests agree i n ~bout soc.; 
I 
o f the ca s es . 
'l1h ese observations present to us t he i nterest i n-g s i tuation 
of a formula based. upon two lavfS , one of vlhi ch i s oi' proven 
invali ch ty anC:. the o ther shown to be sub ject t o wi ri e variation , 
which i s it self a fairl ;y accurate , although by no means i nf'a lli bl 
i nd.e __ of lc i clne;)' f unc t ion, as sho •~;~11 by i ts large c.legre e of 
correl ution n i th other f11n cti ona l tests ancl vri th clinical 
1ymptoms . I t i s obvi ous t hat v; e cam10t s eek the reasons for its 
partial valicli t~r i n the "laws" fi~om which it was d.eri ved. . Let 
u s exami ne the formul a i tself , in the f orm in which it i s used. 
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by l:icLean , in order to see just what it measures . 
( Gm . urea :per 24 hr .) V (}m . urea l)er liter lnin~.96 
--rl3o d.y '!Te i ,>-';h t in lei los ) ( G-m . urea :per liter b l oo 
e c1uals 100 or mor e i n normals . 
The factor 8 . 96 i s merely an arb i trary r1uanti ty i nserted 
int o t he f ormula for the :purpose of maki Yl.r'j t he . ind. eoc come out 
. YI£J...P 
100 'Nhen the· othe r quanti ties are such as noul cl ~ a n .A.m barcl 
c;oeff icient of . OS(vlh i ch was :founcl by HcLea n to f i t t he nornal 
bet t er than .Amba rd.'s orig i nal f i gure of . 07 ) ancl U.oes not fi ,c;l-ue 
ot~erwi se i n our cons i derations . 
Si n ilo.r l y the ho6..y weight fa ct or i s a correction appl ied 
o n t h e as ~-=-urn}?t i on that the :::J. mount of 1.uea excreted. i s p ro portion-
al t o the iJ ocly weight . Th i s as :::.umption is hard:t.y justified , 
since f a t ancl b one may make u:p a cons i c1 erable p ortion ol' excess 
we i ght 'li thout any modification of the t ota l nitrog enous 
meta bolism . 
The f a ct or of the sq_uare root oi' the conc ent rat i on of 
urea p er liter uri:t)..e i s bas e ll u:yon ll..mba rd's second l aw , wh ich 
Add i s has shovm t o be invalid., and. \'/hose conclusion i s confirmed 
by - Aust in, St illman , ancl Van Slyke , anc'.. by our own ob s ervat ions. 
~hi s leaves us with a ratio 
Gm . urea :per 24 hr . 2 
whi ch , other condi tlons being equal, shoulcl be a consta nt . This 
i s a restatement of Ambard's f i rst l aw , vv i th the furthe r provi sio 
that not only must the k i dney be secreti ng urea a t a cons tant 
concentration , but tha t a ll other factors tendi ng to cause 
. 
fluctuations i n the rate of exc:betion must be held const ant . 
Acld.is a nd Drury , in their ex:peri rc1ents under strictly 
st a nda r di z e d cond.itions(see pag e 1 2 , this paper) , f ound tha t 
thi s ratio vms pract icall y constant when both terms vrere tak en 
to t he fir s t PO\"Ter and that the rati o dill. not g ive co n s istent 
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results i.'lhen the sq_ua re of the h lood urea \'laS taken . Ur ine 
v olume (or concentration) - i cl :not affe ct this ratio , although 
under thes e conci.i tio:ns t he urine volume . was a l wa ys l a r g e . 
The o ther experi ments of Ad.clis and his co - vvo r ke rs, which we r e 
made under ordinary cond.i tions , eli C.. not show results '.7 ith this 
cons i stent l i nearity. 
~ hese ex,eriments und er standardized con~itions show 
tha t when those co:n<li t ions (high b l o ocl urea anu. excess water) 
are compl ied with , the ratio D/ Ur is , or appr oa ches a constant . 
·.ve cannot conclude from this work, hoV!ever , that uncler 
normal conditions there i s a linear relat ionshi p beb1een the 
bl o od. urea leve l and. the output o f urea i n the urine over a 
~iven t i me p eriod . The data of Addis h i msel f sh ows an approach 
to a parabolic rela tionshi p when the standa r cL cond. i tions were 
not ma inta ined. . 
Thus :L'a r we have seen tha t there are t vro ~ajar s chools 
of thou ght in regard. to the matheoa tica l exp ression of t he 
relationshi p betvreen the output of urea by t he lci clney and. 
the amount of' urea in the blood . The ol iler s chool of .AmbarcL 
and n cLean , vr i th their co-vlorkers , believe that the excreti on 
e au a tion is of the parabolic type 
<) . . 
Ur"'= KD'-
where Ur i s the blood. level ancl D is the rate of output ( g rams 
pe r uni t t i me) . Addis and. his fo llowers, on th e other ha nd , 
have shm·:rn that under certain concii tions the rela ti ouship 
a pproache.s that representerl by the linear eq_uat ion 
Ur = KD 
ami_ hoLL that deviations from this relationship a re th e results 
of e xtraneous factors . 
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Le t u s see to what extent our d a ta a g ree v1i t h either 
o f t h e s e g en eralizations. 
If ':'le plot the blood. urea values as ordi 11a tes and the 
u rina r y urea outputs as abscissae, taking our norma l cases , vre 
find a wi d e scattering , indicat i ng t hat 'Nha tever be t he relat i on-
s h ip b etwe en these q_ua nt i ties , it is affectecl one vmy a nd t he 
th e ot her by superb1posed influences . Such a plot o f our own 
C8.s es is shown on page !i.J ( blacJ:: po ints are t he no r mal cas es) . 
A problem o f this nature cal l s f o r s tat i st ical treatment in order 
to ba lance the positive a nd negative errors o f a :ta r g e nu mber of 
case s a nd obtain a n expression f or the g eneral trend . I n order 
to l'/Jf,~l/1/ secure a suffici ent number o f cases to jus tify the 
a pplicatio n of standard stat i stica l methods , we have combined 
vvi th our normal data those obtained fro·m th~ :publi shed worl( 
of LcLean and of Addi s and. his as~ oc iates . Ve have i ncluded 
Ol1ly strictly normal cases talcen uncler the orclinary conditions 
of life , omitt i ng t he nnormal 11 ca ses of 1·.ticLean wh i ch r1e-re 
h os pital iumnates selected. because t hey showed no s i g hB of 
1ri dney impairment, as vv-ell as those cases publ i shed by Ad. di s 
a nd :Drury nhere the e xp eri ments were conducted und er sp ecial 
conct.i ti ons of urea i ng est i on a n - h i gh water intake . A f ew 
ca s es of ureg, ing estion have , however , been used , v1here .the 
subject was otherwise normal and fo ll ovving his usual routine 
of daily life . By thi s means we have been able to g et Qa ta 
on 220 p -resum:pt i v e l y normal ce.ses . The d.istri but ion of t hese 
220 cases is sho ~:m i n tho plot on the f ollowir15 :pag e . 11 ha t _ 
t here is some correl a tion i s obvious from inspection of the 
d. i a g ram . 
To determi ne whe tlil eh~ or not this correlation is linem:r 
v1e ma y :proceed a ccorcling to the s tandard. stat i st ica l wethod 
~ 
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o f the simul t aneous det ermination of the Pearson correl a tion 
coeff icient and the correlation rat ios * . The ca lculation of 
Hietz , Handbook of Mathematica l Statistics, Chapter !!l 
t he P ea rson coefficient involves an ass~~nption o f linearity ; 
the correlation rat i o s represent merel y the ratios o f the 
standard. deviations o f the columns and rows of the scatter 
d i agr am compared with the standard d evi at i ons of the ent ire 
'I 
X and Y c.U s tributions, and are eq_ually a pplicable to correlations 
involving li nea r or non- l i near regression. Hence if we f ind that 
the co rrelation ratios g i ve higher v a lue s f or a g iven set of 
data than the Pearson coeff icient f or the same data , we may 
conclude that the relationship is non-linear . 
For the 220 normal cas es we f ouncl a Pearson coefl'icient 
of . 84 02 T . 013~ and values of the correlation ratios as fol l ows; 
Hxy • 8 9 8 5 + • ~ . o o tj 1 
Hyx - • 9266 + . 0000 . oo '~ 
I n order to avo i d the possible error of one set of data 
overbala ncing the others and. leading t o false conclusions , the 
Add is cases ancl those of 1\~cLean vcr ere ana l ys e d separately , and in 
each set , the correlation r a tios \Ver e found to exceed the 
Pearson coefficient • 
From these considera t ions v1e may now conclude . that wha t -
ev e r be the relati onship between the t wo va riable s under consi d -
era t io n , i t i s no t in normal i n cLi vid.uals uncle r usual concli t io n s 
of li f e a simple linea r rela tionship, even when considered. 
sta tisti ca lly with clue cons i d.era tion f or moc:i. ifyi ng circlunstances 
one wa y or the other. 
'i'he d.ete r mi nat i on of the correlation r a tios , 'Nhi le it 
d emons trates the non-linearity of th e relationship , does not 
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g ive us any informat io n as to the its nature otherwi s e. 
In the di agram on pag e 46 we h~ve p l otted the a v erages 
o f a ll the values of D f or a g iv en value ofUr from the 
. comb ine d. d.a t a ( bl a ck po i nts ). A simi l ar d i agram p l otted on 
l o~ari trunic s ca l e a~pears on pag e 4 7 . ~ o suppl ement thi s 
representat i on we have a dded.(i n red ) the cases repo rted by 
He....-rlett , G·ilb e r t , and ·~7i ckett(loc . cit . } . i n otftd.er to be able t o 
e::-::ten our curve beyond. the n ormal range . By i nspection of the 
logarithmic plot i t becomes evi d.ent that the trencl. of the points 
ma:y- lJ e represented by a s tra i ght l i ne chara cter i st ic, whic h has 
been U.ravrn i n . The eq_uat ion o f thi s chara c teri stic is oi' the 
form b X= AY 
(log .X ) 
or 
Log A + b( l og Y) 
where ~::-_ i s the va l ue of the orllinate and Y o f the abscissa , 
Hhi le b and. A are th e pa r ame t ers cl.et ermining re spect ively the 
sl op e and. the i n tercepts of the curve . 
r:co J.e te r mi n e the numeric al v a lues o f i:hes e parameters >:i e 
subst itute val nes for :·: anc Y i n the s.bove eo~uat i Jn vt1ich deter -
n i ne t.v"J :p mill.b.ms on tho line , e. z . , 
then 
~c. = . 18 
and. 
:-c = 2 .oo 
y = 10 
y = 278 . 5 
l og .18 = log A + b(log 10) ( 1) 
and. log 2.00 =log A+ b (l og 278 . 5) ( ~: 
~ GL .18 = b(log 278 . 5 -log le) 
solvine for b 
b . 72379 
substituting the va lue fo rb in (1) we find. 
log A = 8.53148 -10, L = . 0340 
' ' , : , ; ; , , ++- H-- ' ' L -L cH-t-t- - I++ ·rL.rrd±t±:±H±: H-h-; H++ 
, . , , , , '-R+H=R·+FR+ . fTr-rt·rt 
'-'-"-+f-1--4-f-!-1-H- ' ' - T ' Tl ' ' +t+;- H+H-
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Our final form for the excretion equation for urea is then 
.7237 9 
Ur .0340 D 
log Ur (8 . 53148 - 10 ) T . 72379(log D) 
The cliagram on pag e 49 shows a com?8.rison of' this expression 
·.vi th those of Ambard. and rvicLean , of Addis and. Drury , ancl of Ado lph . 
Within the normal range of blood urea val ues the equat ion 
of AI:.11bard's first lavv (I :::: . 08) deviates from our expression by 
less than the ordinBry individual variations from eith~r . t 
htt;,HSF{ 
blood urea values ~r than . 70 grams per li ter the deviation 
becomes g reater ane.. increases markec1ly v-ri th further increa se in 
t:he blood urea. · I t is to this fairly close approximation that 
we attribute the );lartial validity of the Ambard coefficient ano. 
the :lcLean index. 
The straight line eq_uation of Adolph postulates a u.rea 
threshold concentration in the bloocl , to vrhi ch he as s i ens a value 
of • 22 g rams :per liter in one set of data . He explains the 
c ontinued excretion of urea at bloo cl lev els. below this figure 
t o a ·~'is.shing -out phenomenon conc.l.i tioned by the excretion of water . 
It is in this lower range that our curve deviates most widely from 
the ezyression of Ado l ph . The washing- out process undoubtedly 
comes into the :problem &nd. i s a factor in determining the slope 
of our curve . It is our feeli ng that the only justification for 
Adolph's ?.rbitrary assumpt i on of a thresho l d for urea is the 
·possibility wh ich it offers of making the excretion equa t i on 
linear. To attain this simplification , however , i t is necessary 
to make an assumption contrary to ever:{ - d.ay experience ( that there 
is a threshold for urea a t . 22 g rams per liter) and then e&plain 
away the fa.c.ts which controvert the assumption . 
The d.dis - Drury line represents values obtained under the 
stanclardized. re3ime of high vmter intake . It ;nay be considered as 
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representing t he respons e of the normal kidney t o the abnormal 
stimulll.S of excess fluids . It is interesting to observe that if 
i t be e x trapolated. it passes through the origin of our s;yst em 
of coordinates . ~his seems to controvert a g ain Adolph's thoery of 
a threshold for urea. It see~s probable that with i ncreas ed. water 
eYcretion our curve tend.s to fl atten out and approach this 
straight line as a limit . 
Our expression is frankly an empirical statement , based. 
upon the averages of a number of normal cases under ordinary 
cond itions . In its d.etermina t~ion vve have d.rawn upon the d.a ta 
:publishecl. by McLean, by Ad.dis, by Hewlett , C"J.il bert, and -,lick ett , 
as well as our own d.ata . It i s thus a representative exp ression 
free from errors of a personal or reg ianal natu re as far as these 
can be avoided by the synthesis of d.ata fro m differen t inves tigators 
in different parts of the country. When applied sepa rately to 
our own data , it becomes a representative line, although the 
:positive and negative deviations are large . Such deviations seem 
to be quit~ a normal characteristic of the action o f t he k ic.lney , 
and h ave so far been elimina t erl in experimental wor::C only by the 
h eroic methods us eel by Addis and DrUI"J . 
APPLIC TIOH OF THE EXCRETION" EQUATION FOR Ul1EA 
I N J:i1JIWT IO HAL TESTIDPi· OF THE KIDNEY 
The diagram on :page 51 shows the actuation applied as 
a criterion of kidney efficiency: the curve is drawn i n red, 
Vli th normal cases (our own d.ata only) :plotted. in black . Cases 
of vary ing deg rees of kidney impairment are plotted i n reeL 
Inspection of the diagr am shows that the normal cases are 
d i st ri butec1 approximately equally upon both sides of the curve . 
The cases rerHesenting }{iclney impairment ,. on the other hand. , 
group themselves large l y on one side of the line(21 as . + agB.lnslJ 
4) • r.rhi s . suggests the po ssi bili t;>r of the use Qf _ tl]. is equation 
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or a sim ilar expression as a means of evalua ting renal function . 
Our nmnber of cases of definite kidney pathology is too sm~ll 
i 
to permit of any specific conclusion. It is of interest, however , 
to out line briefly the possibilities . 
·:re have shown that over the range of blood urea values 
u sua lly found , the Ambard equation differs from our emp i r ical 
express ion by less than the normal variations. Our equation 
being in exponential form renders it difficult to handle, so 
for the purpose of a first approximat ion let us find what value 
of the constant of Ambard.' s first law will include our no rmal 
cases and leave out the greater part of the definiteiliy abnormal . 
By method.s of trial and error we f ind. that if we take a "constantn 
of .10 in the expression of Ambard.'s first law 
Ur _ K ;n-v -
we can obtain a CU' 'Ve which delimits o~ui te closely the boundary 
of not only our own normal cases, but those of the other 
investiga tors as well. This curve has been clravm i n on t he 
diagram on page 43 . It includ.es 97% of the normal cases there 
represented. . 
Takin~ th i s value of K as an arbitrary limit between 
the 11 low no rmal 11 and. the 11 a bnormal 11 , we may ifhefine another limit 
at K = . 075 between the 11 low normalrr ancl the 11hi P,h normal" cases . 
I n other words , if we clet ermine the value of the ratio Ur /'{D 
and f ind it h i gher than .10, we shall call the subject de ficient 
in regarl to }(id.ney function . If it comes out less than .0~5we 
shall report the subject as normal , whereas vti th a value betvv-e-en 
.10 ancL .075 vJe shall regard the subject as fallin~ into the "low 
normal" or indeterminate class . 
Usi ng this g rouping we find that our subjects are distrib -
,~tecl as follows ; 
TABLE SEVEN 
Distribution of cases according· to the Ur/VD ratio 
High normal group 
Ur/ D less than . 07 5 
Low normal group 
Ur/ D = .075 to . 10 
Deficient group 
Ur/ D more than ,10 
HOPJiiiAL CASES 
20 . 5~ I 
3 . 5% I 
CASES WI TH YJDN~£ 
DEFICIENCY · 
56% 
40% 
10 express it in other terms, if a subject ' s ratio i s 
d.eterminecl and. it fal ls within the high normal group , the chances 
are 2' to one that his kidneys are a ll right . If it fal~ in the 
deficient g roup the od.d.s are about the same that there ].• c .... 
d.efini te kidney :pathology . I n the low normal group the clecision 
is ind.eterminate and i t i s necessary to repeat the test or d.epencl 
upon other methods of diagnosis. 
I t i s a lso of interest to compare ·this sim:9 le and. frankly 
approximate test with the McLe~n index. Taking our own da t a only , 
the reader wil l recall that we found 19% of our normal case s 
showing a depressed McLean index and. 14% of our k idney cases 
showing a I~cJJean inclex 1vhi ch ·rms normal or better . Ac corclin.g 
to the sir:1ple ratio test , only 3 . 5 ~ ·) of our normal cases fa. ll 
i n to the deficient g roup and. only L1 f6 of our patholog ical cases 
g ive a norma l test. It may be :poin ted. out that t h i s comparison 
is not ·+ c_u1. u e just, since the incl.etermi nate cases which fall 
i nto the l ow no±mal group have not been taken into cons iderat ion. 
In answer to this vre would. say that these cases are frankly 
incleterminate. There i s conclusive evi clence ne ither of normalcy 
nor of pathol ogy , but the factors influerrci P..g k i dney action vary 
sufficiently so that two or three repetitions of the test should 
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sho·w on 'thich side of the intermed i a te grou1) the case belones . 
Furthermore , the s i !n,?le ratio test -does ::io t give the fa l se 
i mpress ion of a ccuracy vvhich i s one of the grea t clisaclvantages 
of the l!ICLl!mn I nC.ex . Our tables shovr that all values of t he 
McLean I ndex betneen 57 and 145 are in real i ty incletermim.1.te , 
s i n ce such value s have been obta i ned. from both normal an d. 
pathological subjects . 
The applicat ion of this test i s s i mJ)le : the u r ine collect ion 
i s made ov er a J) e riod. of one or t wo h ours . Bloo d i s taken at the 
mid.d.le of the period , urea determi n ed i n both bloo d and. urine , and 
the r at io 'oetv1een th9 urea of the bl oo ::1. ancl the s q_u a r e root of 
the urea of the urine , calculated as g rams output per 24 hour~ , 
determined. . If the r at io be over . 10 thi s i s s t r ongly indicative 
of 1ci d.ney i mpai rment . If the rat io be less than . 075 the case is 
presumpt ively normal . The intermediate va lues are i nd.ete r mi ns..t e 
vri th a susp icion of pathology. 
Correction factors of various k inds have been tried. on 
thi s r a t io i"li th rather unsatisfa ctory resul t s . The substi t ution of 
a creat ini n excretion period for the t i me pe riod , a modifi cat ion 
suggested. by the vvork of ustin , St illman, a_'ld Van Sl yke ( l oc . ci t . ) 
does not increase the consis tency of the result s i n the majori ty 
of cases, and. does complica t e the compilitat ion of the ratio . Also , 
in the ca ses studied , Y·rhich ·were a d.ul ts i n good. heal th and. not 
over or under VIe i ght to a ny g rea t e::~tent , i t was f ound that the 
corre ct ion for bocly weight added nothing to the a ccura cy or 
cons istency of the ratio . 
EFFT.iC:TS OF URI:NE VOLm.m · UPON 
RitTE O::J' 'E ~ ~C H::::J~ I ON 
The vol ume of uri ne excreted i s a fac tor wh i ch f rom a 
:p r i ori g r ounds 1f.Te mi ght expect to i nfluence the rate of urea 
excretion . I f we take t he s a me cases from our own work and from 
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the puul i she cl clat a in t he literature and. t ake the averages of 
all cases for each value of urin e volume, we obtain th e distribution 
of po i nts shown on t he next page . Up to the rate o f volume output 
of 120 c c. per hour the urea outpu t i n c reases as a linear f unction 
of the vo lume output , the eq_uation be i ng rou ghly 
D = V/2 
but above this limit the relationshi p becomes obscured by other 
factors . It must a l so be taken into cons ideration that the cases 
whe re the vo l ume exceeds th i s augmentat ion limit( as i t has been 
:nam ed. by . ustin , Stillman, and Van Slyke ) are relat ivel y few in 
number , ancl that the po ints out side the line represen t s ingle 
cases or averages of two or three cases , Yvhereas the points 
wi thi n the limit are averages of a much large1~ numb er o f cas es . 
This observation would cast doubt up on the exi stence of the 
augmentat ion limit were i t not for th e result s of the exp e r i ment s 
o f Aust in , St i llman , and. VanSlyke , who determined. this relationship 
upon i nd.i vid.ual subjects and. o bs e1·ve d. that at t he limit ( '.Vhich 
varies some·Nhat for rlifferent i n d.i v i d.ua l s) the previ ously ri s i ng 
curv e became an horizontal li ne . Thi s observation has a lso been 
c onfinnecl b:v the 1'/0rk of Rabinowitch(l oe. cit .). 
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Do es thi s relationship between volume ou tl)Ut and. urea 
outrn.:t per u ni t t i me enter i nto tt.s functional test in;; of the 
kidney? I n the f ormul a s of Ambard. , McLean , and. 1ustin, Stillman , 
a nd. Van Slyk e the volume has been taken into a ccount . I n many 
cases it i s thi s volume factor v:Ihi ch leads the i nvest i gator i nto 
e rror in the evaluat io n of k i d.ney func t ion by these eq_uat i ons . 
For e xample , i n one exp erime nt with the subject N., a medical 
s tudent i n g ood. health , th e Ur/(D ratio was . 064 , which p l a ced. 
him i n t h e h i gh normal g roup according to our s chem e: but s i n ce 
t he urine volume was l arg e and. the concentration of urea therefore 
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lmv , the factor Vc in the McLean eq_uation was decreased, causing 
) 
the index to full to 85 , indicating a moderate degree of kidney 
i mpairment which did not exist. 
lthough later work may ind.icate the advisabili ty of a 
volume correction factor , after we have 1 earned hov1 and. when to 
apply it , the present problem is to determine the efficiency of 
the kidney in getting r i d. of urea from the blood stream , ancl for 
· this measurement , the simple Ur/YD ratio offers the advant age of sim 
sinrpli city and. d.irectness . 
Furtherrnore , it is quite as conceivable tha t the urea output 
influences the water outpu t throughout the normal range as it is to 
assume that the water output is the causat ive factor . Crawford and 
J'Icintosh* i n their recent study of urea diuresis bring out this 
point by sho·wing the excret io n of wat er not only par~'. llels that 
Arch . Int . Med ., 36 , 530 , (1925) 
of urea , but also is increased or decreased with chang es in the 
amount of urea given . In patients receiving equal large doses 
of urea daily the volume output was maintained. at an almost 
constant level . They explain this cond.iti on by assuming that the 
urea in its excretion by the kidney carries a certain definitely 
fixecl amount of water with it. 
Thi s h;ypothesis not only explains in a fairl y satisfactory 
manner the general association between urea output and volume 
. output , but also sho'JTS vv-hy the as s o cia tio n fails i n the presence 
of a large excess of water , since in this latter case considerable 
water is eliminated by the kid.neys in excess of that req_uired to 
serve as a vehicle for the urea and other s olutes. 
In case this is the true state of affa irs, it becomes 
evi clent that the inclusion of a volume correction in the ratio 
58 
for expression of functional efficiency in unnecessary and 
inadvisable , since statistical ly speaking there is a d.etermined 
volume for the excret i on of urea at each bl ood. urea level . In 
i ndivi dual cases there i s wi de variat i on from this stati stical 
mean , but these va riations have not been shown to be functionally 
d. i agnost ic . 
Si nce their di agnostic value is not demonstrable and since 
the7 may introduce serious errors , as we have a. lready pointed. out , 
we feel justified for the pres ent in neglect i ng these corr ect ion 
f2.ctorc for cLiffe rene es in urine volume . Nevertheless the fact 
remains that ingestion of large quantities of water cloes cause an 
increase in the rate of urea output , and d.ehyclration of the body 
causes a decrease in the efficiency of elimi nat ion . 
The only safe conclusion which can be d.rmvn from this 
contraCLi ctory arr ay of evid.ence at present is that urea output 
ancl volume out:9ut ha ve a mutual effect upon each othe r , the 
resultant of which , over the norma l range of values , is b est 
represented by a linear rel a tionship . 
APPLICATION OF ADDIS' RATIO 
While this paper was in process of preparation, an 
article by Busch~ was reveiewed in which he describes an 
Busch, Hospita l stidende(Copenhagen), 69, 1, 1926 
(original not available, reviewed in 
J.A.~.A., 86, 16, (1926) 
~ 
application of the Addis :i7atio to :functional testing of the 
kidney. The details of thetest are at present unavailable 
but i t is of interest to note that this ratio test is reported 
as agreeing in greater measure with clinical findings than 
any other forms of measurement of excretory efficiency. 
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EXCRE'l'ION OF SUBSTANCES <YJ:IHER THAN UREA 
Arnbard and McLean divide urinary constituents into 
"threshoid'' and ''non-threshold" substances. as previously 
pointed out. urea is classified under the "non-threshold" 
group, by which expression is meant that it tends to be 
excreted at all observed blood cencentrations. In our 
experiments a concentration of urea in the blood as low as 
.16 grams per liter conditions a distinct output of urea. 
Blood urea uonoentrations less than this have not to our 
knowledge been reported in the literature, but it is generally 
assumed that eTen were the concentration less than this, urea 
would still be e~creted. Experimentally it is difficult to 
lower t he blood urea much below this point. Even in starvation 
urea is formed from the tissues used up by the body for the 
maintenance of the necessary functions. The eTidence obtained 
by perfusion experiments of the excised kidney is not particular-
ly convincing. 
As a typical example of a "threshold" substance, Ambard 
and McLean ha'Jle chosen chloride, expressed as "sodium chloride". 
The threshold value, below \Vhich this substance is not excreted 
is, according to these authors, 5.62 grams per liter of plasma. 
we believe it more advisable to express the chloride of the blood 
and of the urine uniformly as Cl rather than as l'laCl; t he above 
threshold is equivalent to 3.~ grams Cl per liter plasma. 
It will be recalled that the Ambard formula was applied to 
the excretion of chloride following the fallacious demonstration 
of the identity of the urea secretory constant with the 11 aumonia 
secretory constant" which latter expression was shown by the 
work of Nash and Benedict ( see page ~) to be entirely erroneous 
as a result of an error of about l~OO% in Ambard's method of 
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determining the amount of ammonia in the blood. From this 
coincidence Arnbard ·drew the conclusion. that his "constant" 
applied to all urinary constituents with the possible exception 
of water. For threshold substances he modified his formula 
by the substitution of the excess over the threshold for the 
actual blood concentration. As a result of several such calcula- · 
tiona, other factors being known and the constant assumed. the 
value above given was set for the threshold below which chloride 
was not excreted. The Talue was accepted by McLean in his later 
work, apparently without protest. 
Meanwhile Ambard had observed discrepancies in the 
threshold and had decided that it waa movable. Since prediction 
of the output or the urine concentration in normals gave 
divergent results, it was found advisable to calculate the 
threshold as a diagnostic procedure. This hypothetical figure, 
which cannot be checked by any other test, was accepted as 
an indication of the power of the kidn~y to excrete chloride. 
McLean followed a similar. procedure and modified his 
index formula in such a manner as to adapt it to the excretion 
of chloride. One form gives a value for the threshold as a 
result, another form predicts the plasma chloride assuming 
a constant value for the threshold. This stritea one as a 
rather hazardous mathematical undertaking, s i nce the calculated 
thresholds vary considerably. In our own experiments the 
calculated values for plasma chloride varied widely from the 
results found. 
Before carrying out any complicated mathematical 
procedures it may be well to determine to what extent our 
figures show a correlation between chloride output in the 
urine and plasma chlcride concentration. Here we have a less 
number of oases than in the urea investigation. Such cases as 
we have are tabulated as follows: 
TABLE EIGHT 
Pl = Plasma chloride as grams Cl per liter 
DOl = Output of chloride in grams per 2~ hours 
Pl DC~ Pl DOl 
3.~8 6.31 3.82 7.95 
3.~8 11.7 3.82 12.05 
3.6~ 9.58 3.86 3.~5 
3.6~ 5.37 3.83 3.63 
3.72 13.9 3.83 13.3 
3.7~ 9.97 3.86 ~.28 
3.75 9.17 3.88 6.31 
3.76 ~.88 3.88 8.~9 
3.78 5.83 3.88 10.3 
3.78 7.31 3.89 2.10 
3.78 8.~9 3.89 9.77 
3. 78 8.50 3.90 12.2 
3.78 2~.3 3.92 6.3 
3.80 4.29 3.96 ~.8 
3.80 6.~3 ~.02 6.50 
3.81 5.95 ~.13 11.0 
The average plasma chloride content of these oases is 3.81; 
taking the average of the cases below and including that value 
we f ind an output averaging 8.87 gm. per 2~ hours; taking the 
avera~e of the cases above and including this value, we find 
an average output of 7.65 gm. per 24 hours. From the oases at 
hand, therefore, we can draw the tenta~ ive conclusion that an 
increased output of chloride in the urine is not conditioned 
by an increased concentration of chloride in the plasma. 
This observation would seem to place chloride in an en-
tirely different class of urinary substances from urea, where we 
have shown that in ge•eral increased blood urea results in 
increased rate of output. 
The variations in the contant of chloride in the plasma. 
are relatively small compared with those met with in the case 
of urea. Our lowest figure is 3.48 gm. Cl per liter plasma, _and 
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our highest is -4:.13 gm.: the mean is 3.81 and the maximum 
percentage deviation is 9~ • 
These values for plasma chloride run somewhat higher 
than the recorded values in the literature, as presented by 
McLean and others. After running the first fe w oases we observed 
this fact and attributed it at first to some fault in the 
analytical procedure. Such an error could not be discovered 
and reference was made to the literature to explain the 
possible causes of such a discrepanc7. We believe we have found 
the explan·J.tion in a phenomenon observed by Dodds and Smith* in 
Dodds and Smith, Jour. of Physiol., 58, 167. 
a. study of the relation of meals to plasma chloride content. 
According to these authors the level of chloride in the plasma is 
markedly higher before a meal than it is some time afterwards. 
Their values for chloride in the plasma before meals f.p are 
consistent with our findings. The system used by :i·.ioLean for 
deterHlining the index for chlorides ( as well as for urea) was 
to take the subject after a meal. at which time the plasma 
chloride was lower. 
It is also interesting to note that under 1.IcLean•s 
eJ~erimental conditions he was able to obtain a considerable 
degree of correlation between plasma chloride and chloride out-
put. A determination of the Pearson coefficient for his data 
alone gives a value of .715, .while we have already shown the 
utter lack of correlation observable in our ow~ results. It 
is qui·te conceivable that a correlation exists, which is masked 
just before and just after mealtimes by the superadded Dodds-
Smith effect. 
In the cases where we took chloride measurements both 
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before and after a meal, we usllally, although not always, 
noted a fall in the chloride. In these cases the blood was 
removed one hour before, and two hours after the meal, which 
was the first meal of the day. 
TABLE NINE 
Plasma chloride values expressed in grams chloride 
per liter plasma 
Before breakfast 
3.80 
3.83 
3.88 
-4:.02 
3.81 
3.82 
3.78 
3.89 
3.90 
After breakfast. 
3.6-4: 
3.80 
3.82 
3.78 
3.7~ 
3.78 
3.78 
3.83 
3.96 
One case showing an increase in chloride 
One case showing no change 
Seven cases showing a decrease 
Although it has no particular bearing on the subject at hand it .. 
is interesting to contrast the above response to an ordinary 
meal with that elicited by the ingestion of a test meal of 
30--4:0 grams of galactose. 
Before 
3.6-4: 
3.55 
3.65 
3.58 
3.6-4: 
one decrease. 
Four increased. 
After. 
3.67 
3. 73 
3.70 
3.55 
3.81 
These obserTations seem to bear out the theory of Dodds and 
Smith that the variations of plasma chloride in relation to 
meals have to do with gastric activity, since the gal,actose 
meal does not elicit a large flow of gastric juice, and there-
fore would not ordinarily cause a transfer of chloride from 
the blood stream to the gastrio glands. on the other hand, 
following the galactose meal, the chloride continues to build 
up in .preparation for the next meal. 
In consideration of these observations it becomes 
apparent t .hat the threshold for chloride, if there be such 
a threshold, must change through a daily cycle, which is 
conditioned by the time of meals. 
It is ;;; omewhat easier to assume"that through chemical 
changes in the blood, which might take the form of a lowered 
level of non-protein nitrogenous substances, the optimal fluid 
for reabsorption by the kidney would contain more chloride 
when the body is in a fasting condition than after a meal. 
In other words, with chloride we are dealing with a 
substance which has numerous essential functions in ·the body 
and must be conserTed to a considerable extent. Hence its 
e_xcretion by the kidney is governed not only by the level of 
chloride in the blood and by the other concomitant factors 
which govern the output of the non-threshold substances, but 
also by the demand for chloride by the body, which acts upon the 
excretory mechanism probably through cij.anges in the chemical 
constitution of the blood. These considerations completely 
mask the effects of increased blood concentration in determining 
the rate of excretion, unless the time of making the test in 
relation to meals be carefully regulated, so that . tlle ratios 
and formulae which succeed fairly well in the study of renal 
function b' measuring the efficiency of the kidney in the 
excretion of urea break down entirely when applied to the excreti 
of chloride. 
Finally, in the case of chloride, the kidneys are only 
one ~~lj.. route of elimination from the blood. It may go into 
other body fluids, or be used up in the formation of gastric 
juice, possibly to be reabsorbed later from the intestine. 
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With urea, however, the route from tissues to blood is more 
or less o~ a one-way street. Unless the blood level falls 
very low we do not expect to find reabsorption of urea by the 
tissues. This simplifies the study of urea, whereas it 
complicates exceedingly the study of chloride. 
SUMilARY 
1. The purpose of the investigation has been stated as the 
determination of the relationships between the amounts of 
urinary substances excreted by the kidney and the concentrations 
of these substances in the blood stream. 
2. Previous work has been reviewed, with special emphasis on 
the work of Ambard, McLean, and Addis. 
3. The excretion of urea and chloride has been studied in 
a group of normals and a group of hospital cases, with and 
without kidney pathology. 
~. On the basis of the results obtained, Ambard • s law .iB were 
examined. In the first law, variations up to 10% were found. 
The second law showed variations up to 360% and was on this 
account left out of further consideration. 
5. The equation of the characteristic curve of excretion of 
urea plotted against blood urea level was determined and 
found to be .72379 
ur = .0340 D 
where ur is the blood urea in grams per liter and D is the 
urea out~ut in grams per 2~ hours. 
6. ~his equation was found to agree closely with the Ambard 
equation of the first law over the usual range of blood urea 
concentrations. On this basis a kidney function test was 
proposed based upon values of the Ur/yn ratio. Figures taken 
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from normal and pathological oases were presented as 
eTidence of the general reliability of this ratio test. 
7. The water output and the urea output were found to have 
a nearly linear relationship over the normal range. This 
relationship is a statistical one, and i s subject to wide 
varia tions i n individual c~ses. 
8. The excretion of chloride was found to be entirely 
unassociated with the concentration of chloride in the p lasma 
under our experimental conditions. 
9. ~he ~lasma chloride was fotu1d to be higher before than after 
the first meal of the day, confirming the findings of Dodds and 
· Smith. 
To recapitulate aga in very briefly, our chief findings are; 
That the first law of Ambard is a good first approxLiat i on 
statistically, but is subject to wide v&.riation. 
That the second law of Ambard is invalid. 
That the relationship between volume outout and urea outDut 
is linear, but very variable. 
That the third law of Ambard( and the lJcLean Index ) show a 
certain degree of consistence, but that this consis tence is 
entirely in the Ur/VD ratio and that this r a tio is more accurate 
and generally satisfactory as a functional test than the more 
complex formulae of Ambard and McLean. 
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